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Tensile Deformation of Aluminum as a Function Of 


Temperature, Strain Rate, and Grain Size 


True stress, true strain data are presented for two lots of high-purity aluminum 


annealed to produce several different grain sizes from each lot. 


The testing tem 


perature range 20° to 873°K (0.021 to 0.94 T/T.) was explored and the effect of strain 


rate was measured at 77° and 300°K. 


by R. P. Carreker, Jr 


# pen of a series, this report is concerned with the 
experimental documentation of the deformation 
over a wide range of tem 


describe the 
creep behavior of platinum’ and aluminum’ and the 


behavior of pure metal 


perature. Previous reports in the serie 


tensile behavior of copper, ilver,” and molybde 
num Subsequent reports will deseribe the creep 
behavior of copper and silver and the tensile be 
havior of platinum, thu 
and tensile data on four face-centered-cubic metal 


providing extensive creep 


tested under comparable condition 


Material 

Two lots of high-purity aluminum were used in 
this investigation. One lot, designated AC, was ob- 
tained direct from the Aluminum Co. of America a 
high-purity aluminum in notch-bar form. A typical 
analysis of this type of aluminum is 0.006 pet 51 
0.015 pet Cu, 0.006 pet Fe, and 99.975 pet Al. Lot 
BS was obtained from J. I. Hoffman of the Bureau 
of Standards as a portion of the Aluminum A de- 
cribed in his report of the redetermination of the 
mic weight of aluminum.” Lot BS originated with 
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and W. R. Hibbard, Jr 


the Aluminum Co. of America also, and was re 
tandard notch-bar form. A detailed 
pectroscopi analysis of lot tS ha 


ceived in the 
chemical and 
been published 
Si, 0.003 pet Fe 


Samples were proce 


Principal impurities were 0.006 pet 
0.002 pet Cu, and 99.987 pet Al 

ed identically by room-tem 
diam 


perature waping and drawing to 0.030 in 


wires from approximately ‘4s in. diam rods that 


were machined from the noteh-bar pig Sample 


were cut from the cold-drawn wire, placed in a 


grooved graphite block in groups of thirteen, and 
annealed in air for 1 hr at each of several tempera 
ture with the results shown in Table I. The two 
lots of aluminum responded quite differently to an 
nealing, the behavior of aluminum AC suppesting 
that it 
The recrystallization texture of aluminum of 
purity comparably treated ha 
predominantly 111 fiber with some « 100 © fiber 
present 


grain growth was controlled by impurits 


been reported a 


Testing Procedure 
The testing procedure and method of analyzing 
the data have 
pecimens of 5 in 


been described previously At 
nealed gave length were tested in 
an Instron tensile testing machine at a constant head 
train rate of 0.04 min 
tenfold 


'o deter 


motion corresponding to a 


at a number of temperature Instantaneou 


rate changes were employed in some test 
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Fig. 1—Tensile strength of two 
lots of aluminum as a function 
of temperature and grain size 


Fig 2—-Yield strength (a at « 

0.005) of two lots of alumi 
num as a function of tempera 
ture and grain size 


Fig. 3-—Percentage elongation 
of two lots of aluminum as 
a tunction of temperature and 
grain size 


mine the stram-rate itivity. The symbol o i ubscript zero refers to initial values; all other 
used to indicate true i to indicate true ymbols refer to instantaneous value 


train, defined by 
= Effect of Temperature 


Figs. 1 to 3 show the effect of temperature on the 
tensile strength, the yield strength, and the percent- 
age of elongation for the two lots of aluminum an- 
nealed at several different temperatures. Note that 
“urain size (or annealing temperature) has a pro- 
nounced effect on the yield and tensile strengths of 

where P equal nd [, | The aluminum AC, but has a comparatively slight effect 
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on the yield strength of aluminum BS and a neg- 
ligible effect on its tensile strength. The virtual 
independence of the tensile strength on grain size 
(or annealing temperature) is consistent with the 
behavior of 99.999 pet Cu 

Fig. 4 show -true 
aluminum BS tested at several 
temperature Fig. 5 is a logarithmic plot of the 
ame data. A straight line on such coordinates im- 
plies a stress-strain relationship of the form o 
Ke". The data of Fig. 5 do not conform to that rela- 
tionship over the entire range of strain but, in the 
0.01 to 0.10, they approximate the rela- 
tionship sufficiently well for m at « — 0.10 to be a 
quantitative measure of strain hardening. Values of 
the strain-hardening exponent, m, are plotted as a 
function of temperature in Fig. 6. As would be ex- 
pected, strain hardening decreases with increasing 
temperature. However, the shape of the curve is 
quite different from the approximately linear de- 
pendence observed for copper’ and silver.‘ 

Fig. 7 is a composite plot of tensile strength as a 
function of temperature, including all comparable 
data from the literature and data on both BS and 
AC aluminum from the present report. A 10 pet 
scatter band includes all data, except a portion of 
Inokuty’s’ in the region where impurities have then 
maximum effect. The consistency of the tensile 
trength of nominally pure metals in the annealed 
condition, regardless of the details of testing pro- 
grain size, and metal- 
report: 


a typical family of true stre 
train curve for 


ranee e 


cedure impurities, 
lurgical history, has been noted in previou 
on copper” and silver.’ 

The seatter bands for these 
metals are compared in Fig. 8 on a reduced tempera- 


minor 


face-centered-cubic 
ture scale. The behavior of copper and silver are 
imilar. The reduced temperature scale 
hape of all three——copper, silver, 
above T/T, 0.2, but the 
econd 


trikingly 
normalize the 
and aluminum--curve 
trength values do not coincide. A 
would be necessary to 


tensile 
hift, along the stress axi 
make them superpose; the degree and direction of 
the stress axis shift apparently are proportional to 
the melting point of the metal. The large increase 
trength of aluminum below T/T 0.2 
similar to the 
trength of 
impuritie 


in tensile 
hown by copper or silver. Iti 
tensile 
which 


Is not 
temperature dependence of the 
body-centered-cubic metal in 
exert a strong influence 

Fig. 9 is a plot of the true flow stress at 


arbitrary strains as a function of temperature for 


everal 


Fig. 4—Typical family of true stress-true strain curves for 
annealed aluminum at several temperatures. Aluminum BS, 
annealed | hr at 450°C; average grain diam, 0.065 mm 
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Fig. 5—Logarithmic plot of the data in Fig. 4 


both the BS and AC lots after 400°C anneal The 
shapes of these curves in the region below 400° K are 
train aging 


Effect of Strain Rate 

The use of the rate-change test to determine rate 
ensitivity has been described” Brietly, a specimen 
is strained to a prescribed nominal strain (in this 
case « 0.09) at a standard strain rate; at that 
train the strain rate 1 uddenly to a new 
value and the test continued to a prescribed strain 
(in this case ¢ 0.11), whereupon the strain rate 
is changed suddenly to the standard rate. In these 
tests the strain rates employed were 0.04, 0.004, and 
0.04 min’. At constant strain and temperature, 
known to affect the flow stress through 
Under the conditions of these 
piven by the 
tress at the 
hown in 


indicative of 


chanped 


train rate | 
the relation 
test the 
difference in the logarithm of the flow 
Typical rate-change tests are 


train-rate exponent, nm, 1 


two rate 
Fig. 10. The strain-rate exponent, n, of the expre 

ion was determined at 77° K and 300 © 
representing each annealing treatment 
train-rate sen 


on ample 
of both AC and BS aluminum. The 
itivity was the same for all annealing treatment 
in both lot 
ments. The n values obtained were: at 77 K, nm wa 
equal to 0.010 + 0.001; at 300 K, nn was equal lo 
0.005 + 0.001. It is somewhat surprising to find the 
larger rate sensitivity at the lower temperature. The 


within the accuracy of the measure 


rate sensitivities of both copper and silver were ob 
erved to increase linearly with increasing tempera 
noted that rate sensi 


train aping 


ture.’ However, Lubahn”™ ha 
tivities of materials known to undergo 
puss through minima when plotted as a function of 
temperature. For example, 615 aluminum alloy ha 
ensitivity at approximately 
usually considered 


It appeal 


a minimum in rate 
273 K. Strain aging effects are 
oluble impuritie 


to be associated with 


that there | ome manifestation of strain aging, 


even in this relatively pure aluminum 


Discontinuous Yielding 
A qualitative difference between the two lots of 
yielding be 


aluminum was apparent in their initial 
havior. Aluminum AC had definite yield points at 
195 K and below when annealed at 300°C, wherea 
aluminum BS did not have such yield point The 
effect was noted in AC aluminum annealed at 400°C 
not in AC aluminum annealed at 400° and 500°C 
Fig 11 and 12 show tracings of the autographie 
load-elongation record It should be mentioned 
that the testing machine used was relatively stiff 
and utilized a weigh-bar mounting a resistance-wire 
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Fig 6 Strain hardening exponent, m, at a strain of 0.1, as a 


function of temperature for several grain sizes 


Fig 7 Composite plot of literature data on tensile strength 
of aluminum as a tunction of temperature 


Fig. 8—Comparison of tensile strength of copper, silver, and 
aluminum on a reduced temperature scale 
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train gage whose output was recorded by a short- 
response time recorder. Such a system is sensitive 
to the rapid fluctuations in load that accompany 
discontinuous yielding 


Yield points are not commonly observed in nom 


inally pure face-centered-cubic material the ef 
fect is usually associated with body-centered-cubu 
metals containing interstitial impuriti Small- 


man, Williamson, and Ardley” have recently de- 
cribed yield points observed in careful tests of 
aluminum alloy single crystal 

The same general mechanism that is widely ac- 
cepted as the explanation of yield points in body 
centered-cubic metals, namely, the pinning of di 
locations by impurities through their mutual inte: 
action, can apply to face-centered-cubic metals. The 
question is one of degree. The difference in the 
yielding behavior of the two lots of aluminum 1 
presumably due to a difference in impurity content 
It is somewhat surprising that a 300°C anneal should 
produce a yield point when higher temperature an 
neals did not, since the yield-point phenomenon i: 
considered to be due to soluble impurits How 
ever, it is commonly observed that the magnitude of 
the yield-point phenomenon in Fe-C alloys de 
creases with increasing grain size 


Effect of Grain Size 


annealing treatments resulted in a range of 


The 
grain size from 0.027 to 0.105 mm average diam for 
BS aluminum and from 0.021 to 0.143 mm tor AC 
aluminum. Fig. 13 shows the effect of grain size on 
the flow stre at selected strains for BS aluminum 
at 20° and 300°K. At 300°K, the grain size de 
pendence of the flow stre i imilar to that pre 


viously reported for copper’ and for silver, being 
most pronounced at small strains and insensitive to 
‘rain size at strains of the order of 0.05. At 20°K 
the flow stre is not a rational function of grain 
ize. Examination of the data shows that the sy 
tematic grain size dependence observed at 300° K 1 
the exception, rather than the rule, in these exper! 
ments. The derived values of the strain hardening 
exponent, m, and the train-rate exponent, nm, are 
independent of grain size these quantitse 
were observed to depend on grain size in the case 
of copper’ and silver.” Presumably, the effects of 
grain size are obscured by experimental scatter and 
aging effects in the present experiment 


Discussion 


Aluminum has been the subject of much research 
in recent years, due in no small part to its suitability 
for interesting experimental technique A large 
body of experimental observations is now available 
in the literature, including descriptions of the slip 
proce detail ubstructure formation and growth 
annealing characteristics, and thermodynamic prop 
ertue So much information about aluminum 1 
available that it has often been used as the epitome 
of the important face-centered-cubic cla of met 


al However, the most striking general conclusion 
to be drawn from the present research ts that alu- 
minum is atypical when its mechanical propertie 
are compared with copper and silver 

Many of the features of the influence of tempera 
ture on the mechanical properties of aluminum de 
cribed above suggest that the small concentration 
of impurities present produced important effect 


Recall the following observation 
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1) Distinct yield points, of the type usually asso- 
ciated with body-centered-cubic metals containing 
interstitial impurities, were observed in this rela- 
tively high purity, face-centered-cubic metal. The 
yield points were evident in fine-grained specimens 
tested at low temperature 

2) The shape of the strain hardening vs 
ture curve, which rises markedly below room tem- 
perature and is virtually flat in the range 200° to 
500K, is decidedly different from the approximate- 
ly linear temperature dependence observed for cop- 
per and silver. It seems evident that some recovery 
occurs in aluminum at temperatures well 


tempera- 


proce 
below room temperature to an extent that does not 
occur in copper or silver at the same or even much 
higher homologous temperatures. This observation 
brings to mind the evidence of low-temperature 
polygonization in aluminum.” It also suggests that 
measurements of changes in electrical resistivity” o1 
stored energy” during annealing should be per- 
formed on aluminum deformed at very low tem- 
peratures. Comparison should be made with coppe 

3) The shapes of the flow stress vs temperature 
and the tensile strength vs temperature curves are 
similar to such data on body-centered-cubic metals, 
in which impurities interact with dislocations to in- 
hibit slip, with resultant yield-point and strain 
aging phenomena. 

4) The apparent anomaly in the effect of tem 
perature on strain-rate sensitivity, the rate effect at 
77K being several times greater than that at room 
temperature, is typical of metals in which strain 
aging effects are found.” 

Much of our current understanding of yield point 
and strain-aging effects is due to Cottrell and col 
laborators,”” who have considered in detail the 


pinning of dislocations by impurities. Solute atoms 


Fig. 9—True tlow stress at several strains for two lots of 
aluminum as a function of temperature 
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Fig. 10—Typical 
rate- change tests 


having appreciable misfit in the lattice condense into 


dislocations because of an elastic interaction with 
Interstitial solute atom uch a 


ymmetrical dis 


them carbon and 
nitrogen produce non pherically 
tortions in body-centered-cubie and 
close-packed metals, distortions that interact with 
Substitutional so 


produce 


hexapvonal 


both edge and screw dislocation: 
lute atoms in face-centered-cubice metal 
ymmetrical distortions which can 


However, Cot 


only spherically 
interact only with edge dislocation 
trell” has pointed out that the di 
cations in face-centered-cubic metals into partial 
dislocations, as discussed by Heidenreich and Shock 
ley alway lead to some edpe-type component 
which can be anchored by substitutional impuri 
tie Since the two partial dislocations are elasti 
cally bound to one another, the whole dislocation 
face-centered 


ociation of dislo 


may be pinned by impurities. Thu 
cubic metals can be expected to have yield point 
but to a much less pronounced degree than body 
centered-cubic metal 

Suzuki" pointed out that the fault or ribbon-like 
region between two partial dislocations is a region 
that is erystallographically equivalent to a 
hexagonal-close-packed 
in thickne As such, it} 
twice that of a coherent 


tructure of two atomic 


plane characterized by 


an interfacial free energy 
twin boundary, and possesses a solubility for a pat 
ticular impurity that is different from the sur 
rounding erystal. There is thu 
the segregation of impurities to the fault: between 
partial dislocations. Seg to the 
fault inhibit eparation of the dislocation ribbon 
from the impurity concentration. Thus, the Suzuki 
concept also leads to the prediction of yield point 
in face Note that both con 
cepts lead to the impurity pinning of a ribbon-like 


a driving force for 


regation of impuritie 


centered-cubie metal 


confivuration in face-centered-cubsu 


contrasted to the pinning of a ingle-line 


dislocation 
metals a 

dislocation in body-centered-cubic crystal The 
question remain hould show 
the effects of impurities interacting with dislocation 


as to why aluminum 
to a much greater extent than, say, coppet 

Fullman” has measured the ratios of the inter 
facial free energies of coherent twin boundaries to 
that of grain boundaries in both aluminum and cop 
per, the value being 0.21 + 0.05 Al, and 0.046 

0.006 Cu. Suzuki" gives the approximate width, l, 
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Fig. |1—Load-elongation rec 
ords showing the initial yield 
ing of aluminum AC 


aluminum is consistent with such an argument. A 
discussed by Suzuki thermal fluctuations do not 
“a v markedly affect the eritical shear stre of an ex- 
tended dislocation pinned by a heterogeneous distri- 
bution of solute atom On the other hand, thermal 
affect the critical shear 


vhere o' is the coherent twin boundary energy, and fluctuations will markedly 
" the shear modulu ouzul ves l., a8 approx! tre of a dislocation pinned by a strong, narrow 

atel WA The po/p. is approximately '%. In impurity interaction. Thus, the yield strength and 
noted to rise mar- 


the absence of an absolute measurement of the grain tensile strength of aluminum are 
temperature is de- 


energy of aluminum, we may take kedly with temperature as the 
Appro creased below T/T, 0.2, as compared to the mod- 
pot te vialune ma then be ubstituted in Suzuki’ erate increase in strength observed for coppel 


equation to give the width of the extended disloca 
Summary 

Constant strain-rate tensile tests have been per- 

| ) formed on polycrystalline wires of two lots of high- 

purity aluminum designated AC and BS. Tests were 

at 


tion faultoon aluminum as follow 


made of five groups of BS specimens annealed 
300°, 350°, 400°, 450°, and 500°C, and three group 


0.056 
0 ( ) ( )A 
02] of AC specimens annealed at 300°, 400°, and 500 ¢ 


The annealing treatments produced a range of grain 
l ZA izes extending from 0.02 to 0.14 mm average grain 
diam. The specimens were tested at a strain rate of 
0 t ange 20° to 873° K (0.021 to 0.9 
dent that the faults between dissociated dislocation 14 min ‘ over the range 20° to 873°K (0.021 to 0.94 

r'/1 The data were analyzed to determine the 


in aluminum are quite narrow and might better be } 
effect of temperature on the flow stre at selected 


Admitting the erude approximation, it seems evi 


: trains, tensile strength, yield strength, and strain 
hardening. Rate-change tests were used to measure 

vente the strain-rate sensitivity at 77° and 300°K 

It is concluded that 

BToegs Cae as 1) The flow curves of aluminum are generally 
a regular over the range 0.021 to 0.94 of the absolute 
melting temperature. Some discontinuous yielding 
0.08) “ observed in one lot of aluminum at 195 K and 


Temperature ‘ ! 


below 
on 2) The vield strength, tensile strength, and true 


flow stre at arbitrary strains extrapolate to finite 


values at the absolute zero of temperature 
by the strain- 


likened to a line than to a ribbon. Impurity pinning +) Strain hardening, as measured 


in aluminum would then be expected to be charac hardening exponent m, increases markedly with de- 
terized t a relatively stron narrow interaction in creasing temperature in the region below 200 K and 
; contrast to the weaker and broader interaction in is virtually constant in the region 200° to 550° K 
: copper. The impurity interaction in aluminum would This temperature dependence | qualitatively differ- 
then be of similar form to, but of much le trength ent from that previously observed for copper and 
than, the interaction caused by interstitial impuri ilver. both of which showed approximately linear 
tie n body-centered-cubie metals. Thus, aluminum temperature dependence until annealing tempera 
hould exhibit a propensity for yield points and tures were approached 
train-agir phenomena intermediate to iron and $4) Complexities in the shapes of flow  stre \ 
Coppel temperature curve uggvest strain aging effects were 
\ comparison of the temperature dependence of operative in these relatively high-purity aluminum 
the vield strength or tensile trengeth of coppel and ample 
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Fig. 12—Load-elongation records showing the initial yielding of aluminum BS 


5) The effects of grain size, within the 0.02 to 0.14 
mm average diam obtained in this investigation, 
were masked by specimen scatter and side effects, 
o that no systematic trends were established 

6) The strain-rate sensitivity at 300°K was found 
to be less than at 78 K, an anomaly that is usually 
associated with strain aging 

7) As in the case of copper and silver, the tensile 
trength vs temperature relation for aluminum 1 
influenced but slightly by 
history. However, the temperature dependence of 
the tensile strength of aluminum is qualitatively 
different from copper and silver below a homologou 
temperature of 0.2 in that the tensile strength of 
much more rapidly with de- 


variations in specimen 


aluminum increase 
creasing temperature 

%) The differences in the behavior of aluminum 
and copper are ascribed to a deduced difference in 
the width of the extended dislocation fault in these 
two fuce-centered-cubic metals 
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Cross-Rolling and Annealing Textures 


In High-Purity lron 


The deformation and annealing textures of cross-rolled high-purity iron specimens 
were determined by use of an X-ray Geiger counter spectrometer. The deformation texture 
was predominantly (100) O11), plus minor texture components of the (111) 110! or the 
(111) |112) type. In a partially recrystallized specimen, the minor deformation texture 
components were replaced by new orientations, while the (100) 011! main deformation 
texture was retained. A rather complex and widely scattered texture was developed in the 
completely recrystallized specimen. This recrystallization texture could be derived from 
the deformation texture components by rotations around (110) poles. The difference in 
the tendency for recrystallization among different deformation texture components may 
serve as an important factor in the formation of annealing textures. 


by Hsun Hu 


OT much data are avail in the literature on \ per counter spectrometer technique, which 
texture n cro rolle« ti heet \mon | the construction of quantitative pole figure 
ul contered-cubsu i | few investigator 

tudied the prefes wientations developed Experimental Procedure 
rolled and in sul quentl mnealed molyb The material used for this investigation w: 
pecimen Semehs id Timmon (National Research Corp.) high-purity 

complete pole figure or the cro rolled ron. The total gas content (N H.) 
sequently annealed arce-cast molybdenum vas le than 0.026 pet, and the carbon content 
ed the conventional photographie method than 0.005 pet Spectrograph analvysi of a Zin 
data on cro rolled iron are still lackin cust ingot showed the percentage of metallic im 
of the fundamental importance of tron as a purities as 0.0004 pet Cu, 0.0002 pet Mg, 0.001 pet 
etal for magnetic alle ind many industria Mn, 0.01 pet Ni, and 0.006 pet Si 
present investigation was undertaken in A lun. thick shee was cut off from the 


o understand more about its propert ngot. It was hot-forg at 850 C to destroy 
elected for the ' nt work wa of the cast structure. Surface scale was remover 
were determined ) millin the forged piece toa ize 2 in. long 
wide, and *4 in. thick. After normalizing at 915 C 
H HU, Member AIME, is with the Westinghouse Research Lab for 15 min, the piece was alternately cold-rolled 40 
oratones, Churchill Boro, Pittsburgh pet and annealed at 750°C in hydrogen to a final 
TP 4473E Manuscript, Sept. 10, 1956 New Orleans Meeting 
February 1957 


thickmne of 0.165 in., with a resulting uniform grain 
ize of O.1 mm 
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thre 
de 
tru 
In 


Final rolling was performed in such a manner that 
the sheet was turned 90° between each successive 
pa to a final thickness of 0.008 in. This corre- 
ponded to a total reduction in thickness of 95 pet 
The amount of reduction in each pass was about 
0.005 in. Specimens were cut from the central por- 
tion, 5 x 5 in. in area, of the rolled sheet. The cut 
edges on each specimen were removed by etching in 
a nitric acid solution before the specimen was heat- 
treated. Annealing of the 
laboratory tube furnace with a hydrogen, or an 
argon, atmosphere. Specimens were quenched afte! 
annealing for 15 min at various temperatures within 
the range of 350° to 850°C. Hardness measurement: 
were made on a Vickers hardness tester with 1 kg 
load. For each specimen the Vickers hardne num 
ber was taken from the average of ten measurement 
at different areas of the specimen 

A Norelco X-ray Geiger counter spectromete! 
with molybdenum radiation was used for texture 
determinations. Prior to X-ray exposure, the speci- 
men was etched to a uniform thickness of 0.0015 in 
in a solution of phosphoric acid-nitriec acid mixture 
Only the transmission method* was used. Intensity 
taken at 5° intervals of the 
azimuthal angle, and at 5° or 10° intervals of the 
radial angle on a pole figure projection. In high 
were taken 


pecimens was done in a 


measurement were 


intensity measurement 
when detailed information wa 


intensity areas, 
at closer interval 
needed. Since no integration device wa 
at the time that this work was carried out, and the 
intensity data obtained from the 
howed some degree of 


available 


pecimen annealed 
at a higher temperature 
catter, duplicate pole figures were determined from 
identically heat-treated High intensity 
areas of such a pole figure were also checked by tak 

several integrated transmission Laue photo 
graphs to assure their certainty. Only the reflection 
from the {110} planes were recorded. After making 
appropriate corrections for bae¢ kground intensity, 
the pole figures were constructed by plotting the in- 
tensity data as a series of contour lines, with in- 
tensitie ed in multiples of the random tn- 
tensity measured from a carbonyl iron powder spe 
cimen. The texture of the as-rolled specimen wa 
actually determined without using a= zirconium 
filter: others were determined with filtered radia 
figures of the annealed specimen 


pecimen 


xpre 


tion The pole 
were arbitrarily symmetrized 


Experimental Results 

Fig. 1 is the (110) pole figure of the as-rolled spe 
cimen. The texture consists predominantly of the 
(100)[011] type orientation, Le. the (100) plane 
is parallel to the rolling plane and the [O11] and 
[011] directions are parallel to the two mutually 
perpendicular rolling directions. The four econd 
ary intensity areas near the center of the (110) pole 
figure and the rotary spread along the periphery 
(111)[110] or the 

a“ partial [111] 


can well be accounted for by the 

(111)[112] type orientations, plu 
fiber texture 
were also confirmed by examining the (200) re 
flections from Laue photograph The microstruc- 
tures of the as-rolled and of the annealed specimen 


are shown in Fig. 2 


The change in hardne 
in Fig. 3. The initial decrease in hardne 
curred during annealing at low temperatures In 


dicate that recovery ha 


hown 
which oc- 


ipon annealing | 


taken place to an appre 
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pread mainly between them. These 


9-(100)[o1'] 


fiial 


(itt 


Fig. 1—(110) pole figure of the 95 pct cross rolled high 
purity iron. Intensities are expressed as multiples of random 
intensity of a carbonyl iron powder specimen 


ciable extent before recrystallization in its classical 
ense has begun. The microstructure of a partially 
recrystallized specimen, which was annealed 15 min 
at 550°C, is shown in Fig. 2b. It consists of cluster 

of reerystallized grains and areas which the 
rain are outlined by lght-etching low angle 
boundar. These grains with low angle boundari 

were apparently formed by the so-called reerystal 


lization in situ or polygonization proce which re 
ults in very slight orientation difference from the 
deformed matrix. It is interesting to note that there 
are no, or very few, new grains formed in these 
area 

As shown in Fig. 4, the texture developed in the 
has undergone 


partially reerystallized 


very little change as compared with that of the de 


pecimen 


formed specimen, except that most of the (111)[ 110] 


or the (111)[112] texture components have disap 
peared. In addition to the retained (100)[011] main 
texture, there are a few scattered new orentation 
present, which apparently have been derived from 
the recrystallized grain 

The texture developed in the completely recrystal 


lized specimen (annealed 15 min at 675°C) showed 


considerable seatter in orientation, Since the X-ray 
beam was 2 x 5 sq mm in area, the total number of 
grains exposed to the X-rays was nearly 4,000, so 
that this orientation scatter is not likely to be due to 
inadequate sample. The reliability of the texture 
data was also checked by actually determining two 
individual pole figures from two identically an 
Their essential feature were 
Therefore, the reerystalliza 


hould be repre 


nealed 
very much the same 
hown in Fig. 5 


pecimen 


tion texture a 
entative 


Discussion of Results 


rolling texture of iron obtained in the 
imilar to that of molyt 


and Riemersma,’ and 


T he cro 
present investigation 1 
denum as obtained by Custer 
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Fiq 2. Microstructures of high pusty eron specimens. Electrolytically polished, and etched with 2 pct Nital. a) LEFT: as-rolled, 
total reduction in thickness 95 pet, b) CENTER: annealed 15 min at 550°C (partially recrystallized); and c) RIGHT: annealed 15 
min at 675°C ‘completely recrystallized), X100 Reduced approximately 45 pct tor reproduction 


mmon investigator very few prains of new orientations formed. Thess 

ominant (1LOO)[O1L1L] orienta facts are further proved by examining the micro 

around the [111] tructure of the specimen, Fig. 2b. Therefore, it may 

« rolling plane Semehyshen bu tated that differently oriented regions in the 

i ned the ideal orsentations of deformed matrix respond to thermal treatment dif- 

112] to continuou fer y. These findings are in essential agreement 

The present result how that A 1 th servations of Dunn and Koh on Si-Fe 

ition spread not uniform. It may ingl ysti Their results showed that the tend- 

as @ partial [111] fiber texture r recrystallization can be greatly different in 

between the (LIL)P LILO] and the with different deformation texture The 

results also add support to the observation 

Liu and Hibbard” that the reerystallization tem 
ure may be texture dependent 


entation i fact, when putting these 
90 from cach other, the mode of 


ration inlly make them indi 
5 show the texture of the completely re 


tallized specimen, the re crystallized specimen, which is apparently different 
from the reerystallization texture of cro rolled 
molybdenum, although the cro rolling textures of 


both metals are quite similar. In molybdenum, the 


(100), 011] main deformation texture 
rong retainmment of (100) 
recentl reported by Wiener 

thie real Zution of traight 


similar ob 


Kture 1 retained and omewhat 
harpened ; complete recrystallization How 
ver, In iron an entirely different texture is devel 


1 Si-be pecimen TI trong retainment of 
oped. A een from Fig », the texture is rather 


(LOO); OLL] main tovether with the 
complex, and has considerable scatter in orientation 


An exact analysi of all the individual orientation 
components in such a widely scattered texture ap 


ippearance r texture compo 


ofthe or the (LIL) L112] type, and 
one ore iow rie tatio eon rom 
ni pears quite impractical However, it was found that 


rotation of 25 in both clockwise and counter 
clockwise directions around each of the (110) pole 
oF wm (LIL), onentation of the CLIL)[110] or the (111){112] orientation 


eplacedt rail ! component of the 


Instructiy experimental result 


! deformed material 


deformation texture seem to fit 
ot ortio oft eforme¢ atrix in th 
tilt ! hye | ti ! head ormed matrix n ‘ most of the intensity area fairly well is 6 how 


ortentation have mainly undergone re 


al fu polygon ation, with no or 


uch rotations around the (110) poles of the (111) 
[112] onentation 

On further study of the orientation relationship 
between the reerystallization texture and the de 
formation texture component it was found that 
ome of the resulting orientations derived from the 
[110] rotations of the minor deformation texture 
components can also be obtained by imilar rota 
tions from the (100)[011] main deformation te 
ture. Fig. 7 shows the rotations of 30° in both clock 
wise and counter-clockwise directions around the 
(110) pole at the cro roll direction of the 
(100){O011] orentation. The resulting orentat 
us shown by the small circles of 5 
exactly with the orentation derive 

tations around the same (110) 4 

mi the (LIL), 110] or the 
numbered 1 in 


Fig 3--Vickers hardness vs annealing temperature. Applied 
load 1 kg, annealing time 15 min at temperature Textures 
were determined for those specimens marked with solid dots (small cirele 
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rie tri 
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f pp bie nd 
‘ 
preudi main 
(LiL), LIZ] 
‘ collar Ope 
iishiable 
‘ In the partial ‘ 
‘ 
‘ ‘ 
te tu 
mad Core 
colle 
thre 
the 
j 
that 
in the 
° N tlempt wa ide in this paper t ze he election of 
if 
f tutios ind poles 4 nd 6 f high inte t ‘ 
Chase ¢ rotat nd othe 110) pole 
' 
ave 
# 
. 


formation texture 
parti al 


components 
{lll] fiber texture, 
tween the (111)[110] and (111)[{112] orientations 
Therefore, rotations around each of the 
(110) poles of either of these 
3 in Fig 
bring 


actually consist of a 
spreading mainly be 
peripheral 
two orientations (such 
6) are practically equiva- 
away from the 
with those 
(100){011] 


neal 


a pole 1, 2, and 
lent. This will many pole 
peripheral region in Fig. 6, 
yet by the [110] rotation 
orientation. However, the 
the periphery of the pole figure of the completely 
tallized specimen, Fig. 5, cannot be very well 
accounted for by the from the (100)[011] 


coincident 
from the 
high intensity area 
recry 
rotation 
orentation 
The above that the tallization tex- 
uniquely derived from the [110] rota- 
(111)[110] or the (111)[112] minor de- 
texture components immediately raises 
a que what has happened to the (100) 
[O11] main deformation texture. Early results in- 
dicated that this main deformation texture material 
had hardly recrystallized, while the minor deforma 
tion texture completely replaced 
by recry 2b and 4. Thu 
recrystallization, 
the main deformation texture material may either 
tallize in the normal manner, but at a much 
later tage of 
recrystallization before 


analysi recry 


ture can be 
of the 
formation 


tion 


tion about 


components were 
grains, Fig 
toward complete 


tallized , upon 


further annealing 


recry 


annealing, or never reach complete 
absorbed by the re 
much earher from the 
matrix. However, there 


t that the latter 1 


being 
crystallized grains formed 
minor deformation texture 
is considerable evidence to sugge 
What occurs in practice 
First, the new orientation 
tially recrystallized specimen are 
nature to the features of the 
ture. This 1 
the high intensity areas near the periphery of the 
4 and 5. These 


developed in the pat 
very similar in 
tallization tex 


when comparing 


recry 
particularly obviou 
new onenta 


two pole figures, Fig 


) 
‘fh 


Fig. 4—(110) pole figure of the partially recrystallized speci 
men (annealed 15 min at 550°C). Intensities are expressed 
as multiples of random intensity of a carbonyl iron powder 
specimen 
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4 { 


d) 


uee 
SA 


Fig 5—(110) pole figure of the completely recrystallized 
specimen (annealed 15 min at 675°C) Intensities are ex 
pressed as multiples of random intensity of a carbonyl iron 
powder specimen 


formed in the recrystal 


pecimen at the 


tions were first 
lized 
deformation component and 
tensity in the tallized 
the expense of the main deformation texture 
Secondly, these high intensity areas near the pe 

riphery of the pol can be derived by [110] 
(111) [112] 
component but not a 


partially 


expense of only the minor 


texture gained in 


completely reery pecimen at 


figure: 
from the (111), 110] or the 
minor deformation texture 
well by similar rotations from the (1LO0)[O1L1] main 
deformation texture. The fact that 
onmentations in the tallization 
found 


rotation 


ome of the 


recry texture were 
imilarly related to both minor and main de 

probably bn 
prowth 


main de 


formation texture component can 
condition for the 


into the 


postulated as a favorable 
tallized 
matrix 


of the early reery 
formation texture 

Thirdly, the microstructure of the 
hows that there is considerable grain growth 
partially recrystallized state to the 
tallized state, and that the 
tallized 


annealed spect 
from the 
pletely 
distribution in the 


Com 
recry Mrain 
completely reery pec 


men is fairly uniform, Fig. 2b and ¢ 

light 
etching low angle boundary areas are still visible 
although the X-ray of the retained (100) 


{O11 ] main deformation texture are too low to be 


Lastly, a een from Fig. 2 ome of the 
intensits 


hown in the pole figure, Fig. 5. In this respect 
Wiener and Corcoran have 
crystallization textures obtained from different an 
temperatures (925°C vs 650°C) in Si-ke 
with essentially similar deformation te» 
ture components as in the present case. They ob 


etching low 


reported different re 


nealing 
pecimen 
erved no evidence of the light angle 


boundary areas in the high-temperature annealed 
pecimen, but in the low-temperature annealed 
pecimens, such lght-etching 
present, although the 
to that in the high-temperature anne aled 

In the light of the present results, the 


tallization texture at a higher an 


“area were always 


vrain size was virtually equal 
peciimi 
formation of 


a different reery 
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Fig 6 —'110) pole positions as derived from rotations of 25° 

im both clockwise and counter clockwise directions around Fig. 7 110) pole positions as derived from rotations of 30° 
each of the (110) poles of the (111) [ 112) onentation. Poles, in both clockwise and counter-clockwise directions around 
and rotations around each pole, are numbered correspond the (110) pole at cross rolling direction of the (100) {011} 
ingly, Small circles are drawn with a radius of 5°. Crosses orientation, indicated by crosses. Small circles are drawn 
refer to (111 110), solid dots, (111) (112); arrows indi with a radius of 5°. They coincide exactly with those small 


cate the directions of rotations circles marked with number | in Fig. 6 


femperature may perhay be qualitatively tion of an annealing texture. It may be expected 
don the ime ba ! at low annealin that this effect would be particularly notable when 
ime component in there | a remarkable difference in the tendency 
While at high an for recrystallization among different deformation 
all the deformation texture texture component 
tallize almost imultane 5) The formation of a different recrystallization 
hi heat rate The texture from a higher temperature anneal, partic- 
dd further wt to the orrented ularly at high heating rates, may be qualitatively 
for the for of annealin explained on the same bas! 
texture Mertini and Beet have pointed out the 
complexities in the prediction of an annealing tex Acknowledgments 
rH at comple x deformed matrix It ecem that The author wishes to thank George Wiener for hi 
potentiality f crystallization of each texture helpful discussions and critical reading of the manu- 
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oe, the fa minor texture component seem the X-ray pole figure work, and to Roy Anderson for 
a determining role in the formation preparing the micrograph The material used in 
vture ince the main deformation this investigation was originally furnished and proc 
ler tendency to reerystallize essed by The Institute for the Study of Metals, Uni 
ture component versity of Chicago. Appreciation 1 hereby extended 


Summary References 
rollin texture of high purity iron F om E. Ransle J 
found to be similar to that of molybdenum, ~ 
<fture predominantly (LOO), OTL] plu minor 
re components of the (LIL), LILO] or the (111) 
[112] type 
‘) The minor texture component of the (111) 
(LIL), type exhibited a greater tend 
yetallization than the (100) {O11 | main 


comy lete reery 
a rotation around 


(110) poles of the minor texture com 


(LIL) or the L12] type 


The difference in the tendency for recry 
Discussion of 
tallization among texture components in a deformed one ' 


matrix may play an important role in the forma 
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Effects of Crystal Orientation, Temperature, and 


Molten Zone Thickness in Temperature-Gradient 


Zone-Melting 


A strong orientation effect has been found for molten aluminum-rich wire zones 
traversing single crystals of germanium. If the intersection of a (111) plane with the 
plane of wire-travel is oblique to the wire, the wire breaks into segments that lie parallel 
to the line of intersection. However, if the line of intersection is perpendicular or paral 
lel to the wire, the wire remains straight. This crystalline anisotrophy has been utilized to 
make highly parallel npn junctions using aluminum-rich wire zones in germanium. The 
rate of zone movement increases unusually rapidly with temperature and with diameter 
of the wire zone. These findings suggest that the rate-controlling factor in these expe 
riments is not diffusion in the liquid zone, but the solution rate at the hotter interface 
Diffusion may become the limiting process at higher temperatures and lower temperature 


gradients. 


by J. H. Wernick 


N temperature-gradient zone-melting a molten 
zone is moved through a solid or across a solid 
urface by the establishment of a temperature gradi- 
ent. Thi both practical and funda 


mental aspect 


technique ha 
One practical application is to make 


emiconductive device particu- 


p-n junctions for 
larly for devices in which the junction 
within the From a fundamental 
point of view 
as a method for determining diffusivitse 
alloys, and preliminary diffusivity result 
reported by the writer 

In thi paper, the effect of crystal orientation 
temperature 
ture-gradient zone-melting, and the bearing of these 


are desired 
emiconductot 

the technique is being investigated 
in liquid 


have been 


and molten zone thickne in te Mmpera- 


J H. WERNICK, Associate Member AIME, is associated with Bell 
Telephone Laboratories Inc., Murray Hill, No J 

TP 4476E. Manuscript, Oct 25, 1956 New York Meeting, 
February 1956 
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measurements and n-p-nm june 


effects on diffusivity 
tion formation are discussed 


Experimental Procedure 


An effect of crystal orientation was noted in earl 
To facilitate it tuds 
rather than through the 
ved for 
urface planes and travel direction The experi 
mental illustrated in Fig. 1. The graphite 


end-section for the high temperature heater has an 


experiment movements of 


wire zones acro uw surtace 


bod of ai ingle tal, obset Vatiou 


etup 


apron about 1/16 in. above the upper surface of the 
crystal. Thi 


perature of the 


apron insure that the urface tem 
K 
within the 


Thus, the zone does not penetrate the 


equal to or greater than 


the temperature block at evel point 


bloch and 
convection in the liquid is minimized. The exper 
mental setup for the movement of molten zone 


through a block | hown in Fig. 2 
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emperature gradient in the solid was deter 
thermocouples in a germanium test 

the hottest and coldest surface It 

that the thermal diffusivity was con 
temperature range in question. Tem 
radient © determined were assumed to 


aus those which existed in the liquid zone 


Effects of Crystal Orientation On the Movement of A 
Molten Zone Across a Surface 
vas found that if the starting 3 mil Al solvent 
ina (111) plane in a [112] direction and if 
na [110] direction, that is, the direction 
temperature pradient, the molten wire zone 
oO that it will he in a [101] or [O11] direc- 
on. Usuall molten zone breaks up and the 
epvirnents move © that they will he along 110 
direction u hown in Fig. 3. If the starting wire 
les ina C111) plane in a [110] direction and if it 
travel direction is [112], the wire breaks up and 
each segment travels as a unit, all points advancing 
at the same rate However, the area over which 
each sevment moved bounded by diree- 
tien In one cause hown in Fig. 4, the wire did not 
break up, but moved over an area bounded by 
direction The frozen wire-zone is at the 
yy of the swept area. If the starting wire lies in a 
plane in a [OLO] direction and if its travel 
direction is [100], it breaks up and each segment 
becomes confined to a region bounded on two side 
b 110 direction This case is illustrated in 
hip 5 
Phese results indicated that an originally straight 
molten zone tends not to ero oblique 110 di- 
rections on a surti ver which movement is occur 
rin but move us to he in directions or 
to be confined to regions bounded by 110+ diree 
tin This direction apparently is a barrier or a 
tuble direction for wires in {111} and {100} plane 
\dditional experiments were performed to learn 
re concerning this onventation effect. For exam- 
vas found that, if the starting wire lie 


Fig. Experimental 
setup for movement 
of molten zones 
across germanium 
surface 


Fig. Experimental 
setup for movement 
of molten zones 
through germanium 
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Al RICH WIRE 


Three mil Al wire on (111) plane in [112] direction 
3 parts HF, 5 parts HNO., 3 parts CH. COOH. X15 
Reduced approximately 45 pct for reproduction 


[i109] 


(111) PLANE 


Fig. 4—Three mil Al wire across (111) surface. Unetched 
X75 Reduced approximately 30 pet for reproduction 


Fig. 5—Three mil Al wire across (001) surface. Unetched 
X15. Reduced approximately 45 pct for reproduction 
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The t fori] 
° 
a 
i! iy NITIAL 3 MIL 
R 
[112] 
_ 
oni] 
[110] 
: 


Fig. 6—Three mil Al wire across (110) surface. Unetched 
X7.5. Reduced approximately 25 pct for reproduction 


Three mil Al wire across (001) surface. Unetched 
X7.5 Reduced approximately 20 pct for reproduction 


Fig. 7 


in a [001] direction and if its travel 


{110}, the wire break 
confined to a region bounded on two 
ides by 112.- directions, the 35° oblique in- 
of the {111} planes on the (110) plane 
in a (110) plane in a [110] 
[001], the wire 


ame 


(110) plane 
direction 1 up and each seg 


ment become 


tersection 
If the 
direction and if it 
a unit, all point 


tarting wire lie 
travel direction 
advancing at the 
rate, and remains extremely straight. This case 1 
illustrated in Fig. 6. The left side of the 
would be expected to be an oblique <112 
type of move- 


travels a 


wept area 
direction 
55 to the original wire direction. Thi 
hown in Fig. 4, was not 
in a (001) plane 


ment, analogous to the case 
observed, If the 
in a [110] direction and if it 
[110], the wire travels as a unit, all point 
ing at the same rate. This case is illustrated in Fig 
7 The intersections of the [111 plane 1 thy 

110-- directions, are perpendicular and parallel to 
the wire. Thus, it appears that the intersecting {111} 
impede zone movement and give rise to the 


tarting wire he 
travel direction 1 
advanc- 


plane 
above orientation effect 

The temperature-gradient employed for the above 
approximately 31°C per cm at a 
Similar 


of approximately 


experiment Wa 


mean temperature of 667 C results were 


obtained for temperature gradient 
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15 C per cm, 8 C per em, and 4°C per cm. The last 
vradient corresponds to a temperature change of 
0.03 C in 3 mil 

To see if the above orientation results were due 
to convection effects, the setup shown in Fig. | wa 
rotated 180° so as to have the molten zone move on 
the lower surface of the block. Surface tension pre 
vented the molten zone from falling off the 
The same orientation results were obtained 

The surface results apply to the movement of a 
wire zone through a block, as 
If the wire direction ts <110 


shown by the follow 


ing results , und the 


direction of temperature gradient «001 >, as shown 
in Fig. 2, the variation in penetration from section 


to section for a given specimen was considerably 
less than that observed previously, and amounted 


to less than 11 pet 


Effect of Temperature and Zone Diameter 
On the Rate of Movement 
The rate of movement of Ge-Al wire zones in 
creased rapidly with temperature for a temperature 
gradient of 31°C per cm. This information is shown 
in Fig. 8 To show this effect in another way, 3 mil 
Al wires were placed at different position 
31°C per em temperature gradient on a block of 
The hotter the zone the higher was the 


along a 


Hermanium 
mean rate of movement. This result 1 
Fig. 9, together with the mean rates of movement at 
the end of the run. The temperature difference 
acro the block was 28.5 C. The large 
the rate of movement for such small change in tem 
perature cannot be accounted for by the change of 
diffusivity with temperature in the liquid zone, Thi 
tatement is based on data for diffusion in liquid 
Pb-Bi alloy and the low activation energies re 
quired for diffusion in other liquids. The activa 
tion energy required for diffusion in liquids is, on 
The Ge-Al 
preliminary data reported earher gave an activa 
tion energy (based on two mean temperatures) of 
31,000 cal per mol 
than the temperature coefficient of diffusivity must 


hown in 


change in 


the average, a few kilocalories per mol 


Hence, an explanation other 


be sought 

The penetration rate of a Ge-Al wire zone in 
with increasing diameter of the aluminum 
pradient of 114°C 
per cm at a mean temperature of 667°C. The data 
are shown in Fig. 10. The experimental setup 1 
illustrated in Fig. 2 


crease 


olvent wire for a temperature 


Discussion 
The orientation, temperature, and zone diameter 
effect 
temperature portion of the molten zone is not satur 


can be explained by assuming that the higher 


Fig. 8—Mean rate of 
movement at end of om a 
run vs time of run 
Temperature gradi 
ent, 31° percm 
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wer 
> 
110 
[iro] 
aye 


Fig 9 Three mil Al wires across (001) surface. Unetched 
X15 Reduced approxmmately 45 pct for reproduction 


erature 


radient zone-melting 


three consecutive processe 


Diffusion 
iIntertace) 


h temperature 
m (low 
that diffusion occur 
then AC’, the 


interface) 
rauture 
more rapidly 
concentration difference 
olten never 
AT alonyp the 
olution does not 
ntertice Thi 


lute between 


curve ip 1] 


uttain 


reach the Corie 


liquidu and 
aturation at the 
nonsaturated solution can dif 
atomic planes having different 

ate Results obtammed un the 
emiconductor devices by 


lowest for 


fabrication of 
alloying that the 
(111) plane The ¢111) 

can be considered to be the and 
thie 110 ections of the 
piven (111) and (100) plane, the 
direction It 
that an oriinally stramht wire zone 
cross dit Which are the 


indicate 
olution rate 4 
table 
directions, being the inter 


lll) planes on a 


table peneral 


tend not to 


would appear in 


Intersections of 


polianve 


plane of wire movement 


Levrripoe rature effect on the r: of zone 


7 ‘ iat the rate of the limiting tep 


high 


olution rate 


rapidl temperature has a 


ore Is 


in change rap with li in tempera 


A j one move to higher 
thereby 


radient in the zone, a 


temperature 


olution rate merease increasing the 


coneentration hown 
The increased concentration gradient give 
an meres in the flux of olute and con equent 
Therefore, the 
determined by the rate of solu 
eflect on the concentration 


tery bee thre 


in the rate of movement 
Vetnentt 
ubsequent 

For the diffusion proce 
tep the rate of 
comparison to the rate of diffusion. Thi 
on should be obtained at higher 


tomperature 


overall 
olution must be 
temperature 
radient 
travel rate 


nereases with wire 


un increase in the diameter 

re result nm an increase in. the 

molten zone The high temperature 

au thick mn vill be at a higher 

piven and the 
than for a thin zone 


tem 
olution rate will 
However, it is felt 
alone cannot completely account for 
ki increase in ons 


wire, When 


e expressed in mn ! 


from a 


penetration hown on 


penetration 
of turti usr hl 
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obtained. For 2, 3, and 5 mil 


and 24 mil per 


te mpe 


Vulue 


wires, the 


penetrations are 30 mil, respec- 


rature interlace area 
vreater ammount of solution ata given 
However, when the 


rates are expressed on the basis of radius of curva 


and possibly a greater AC 
ture or area, the 
hould be obtained if the 


proce Thi 


interfacial ame penetration rate 
olution rate the limiting 
appeal to be the cuse 


f the diffusion equation, F 


an approximate rate equation for this proce in 
diffusion in the 
valid if the 
constants for the 
D value obtained by use of 
this technique are ight order of magnitude 


for diffusion in liquid 


the temperature region where liquid 
D value 


overall proc- 


zone is not the limiting step 1 


re regarded as rate 


The preliminary 


namely, 10° sq cm per sec 
diffusion coeffi 
diffusion must 


For the rate constant to be a true 


cient 


ut a given temperature, be es- 


tablished for the 
limiting 
that the 
perature 
It may 
be the 


temperature range 


tem in question as the rate 
When this is the case, it 1 
thickne 
reported here 


proce believed 
orientation 


effect 


tem 
observed 


Zone and large 


will not be 


well be, for some terms, that diffusion will 


limiting proce over the complete lquidu 


Convection Effects 
For the movement of Ge 


vermanium, it wa 


Al molten zones through 
observed that convection occur 


if the original wire diameter i 


5 mil and above. If 
high tem- 
through 
penetration of 102 mil wa 
If the high temperature heate: 


temperature heater, an average 


above the 
tarting 5 mil Al wire 
Mermaniuum, an average 


the low temperature heater wa 
perature heater for a 
obtained in 50 min 
was above the low 
penetration of 60 mil was 
uch effect wa 


obtained in 50 min. No 
observed for 3 mil and 2 mil diam 


Fig 10—Average 
penetration in 50 
min vs starting wire 
diameter tor 
aluminum wires 
through germanium 


Fig 11—Diagram 
illustrating change 
im concentration 
gradient across zone 
with increasing 
temperature 
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Fig. 12—n-p-n type. Transverse section of n-germanium block 
through which a 3 mil Al wire was moved by temperature 
gradient zone-melting Etch: | part HF, | part 30 pct 
HO. and 4 parts HO. X9 


A P n 


Fig. 13—Transverse section of nm germanium block through 
which a vapor plated aluminum strip was moved by tempera 
ture gradient melting. Specimen held at 500°C during 
plating. Etched X500 Reduced approximately 25 pct tor 
reproduction 


wires. The temperature gradient employed was 
1i4 C per ecm and corresponds to a temperature 


change of 1.5 C over 5 mil 


n-p-n Structures 
From the preceding, it is apparent that for these 
ystems there are two orientations for which a mol 
ten wire zone moves as a unit in the direction of the 
temperature gradient. They are 
1) a, wire in (110) plane in <110- direction; and 
b, direction of temperature gradient ~ 001 
2) a, wire in (001) plane in «110+ direction; and 
b, direction of temperature gradient 110 
tructure hown 


Molten Ge-Al 


Using orientation 2, the n-p-n 
in Figs. 12 and 13 were obtained 
wire zone were through 
block The photographs show transverse 
The n-p-n shown in Fig. 13 wa 
vapor deposited aluminum strip, 6 mil wide and 0.5 
mil thick. Plating was done at a temperature esti 
mated to be about 500 C. The average thickness of 
the p-layer is 0.3 mil. Surface tension appeared to 
cause the original 6 mil wide aluminum strip to form 
maller width. From a useful de 
vice point of view, the above p-layers are saturated 
with aluminum and therefore are too heavily doped 


moved 
ection 


produced from a 


a wire of much 


for conventional n-p-n configuration 
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Technical Note 


by L. S. Castleman and L. | 


N a recently reported investigation, J. B. Clark 
and F. N. Rhine used a diffusion couple tech 
nique to determine the number of 
hould be present in the Al-Mg equi 
Their method was an appli 


intermetallhe 
phases which 
librium phase diagram 
cation of the following generally accepted principle 
If a diffusion couple made up of two metals is an 


nealed at a given temperature for a long time, all 
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Formation of Intermetallic Layers in Diffusion Couples 


c 
eigle 


the phases of the binary system which exist unde 
equilibrium conditions at the diffusion temperature 
will form intermetalle layer It is important that 
the diffusion temperature be high enough and the 
diffusion time be long enough to permit the nuclea 
table phase ut the 


interface of the couple and thei vrowth to obsery 


tion of all thermodynamically 


able thicknesse These imple time-temperature 
difficult to satisfy, and it is the 
purpose of this note to point out a situation in which 
this is the case 

The authors are 
bonding in the Al-Ni system. It 1 


criteria are at time 


currently tudying diffusion 


well established 
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Table | Phase Thickness im Diffusion Layer 
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(Mm) 
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ature ‘ 
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Fig. 2—-Ni couple diffused at 900°C for 24 hr. Sample 
etched in H.SO.-H.PO,-HNO. solution X350. Reduced ap 
proximately 25 pct for reproduction 


Fig. 3—Thickness of 
NiAl (5) phase as a 
function of diffusion 
temperature and 
time 


and in thicknesses of 2 p» o1 
le For diffu below 600°C, these 
layers would evidently not grow to sufficient thick- 


re in any reasonable time to be detected by ordi- 


revealed the 6 « laye! 


ion temperatures 


nary metallographic examination 

The existence of a eutectic in the Al-Ni system at 
640 °C preclude of Al-Ni diffusion couple 
thi Below 640° the high melt- 
ing intermediate phases grow very slowly. In gen- 
eral, therefore, it appears that hould be 
exercised in applying the diffusion couple technique 
to sy which low 
found in conjunction with high melting compound 
these the 
number of pre equilibrium dia- 
gram drawn from studie 
hould be accepted with reservation 
corroborated by independent test 


the use 
above temperature 
caution 


tems in melting components are 


conditions, inferences concerning 
ent the 
of intermediate layer 


Under 
phase in 
for- 


mation until 
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Technical Note 


Preparation and Diffraction Data of Ba-Al Alloys 


by Dilip K. Das and Douglas T. Pitman 


NE of the major uses of barium in metallic form 
is as a getter material in vacuum tubes. Because 
of the high chemical reactivity of the metal, Ba-Al 
alloys are extensively used. Numerous methods for 
the preparation of Ba-Al alloys have been published, 
are cited here. Most of these meth- 
ods were found to be quite elaborate, involving the 
reduction of BaO, and not too well adapted for the 
control of the final composition of small 
amounts of alloys prepared for laboratory use. A 
imple laboratory method for the preparation of Ba- 
Al alloys in small batches starting from pure metals 
was devised, so that it was possible to control the de- 
to within 1 pet 
The pertinent features of the alloy system Ba-Al 
ure 1) an intermediate 3aAl, with the 
melting point of 1050°C, and 2) a eutectic between 
aluminum and BaA\l, at 98 pet Al 
ketch show 
preparation of the 


a few of which 


close 


ired composition 


compound 


the experimental 
arrangement for the alloy: 
Weighed amounts of aluminum and barium were 
placed in an alumina and a tainle teel crucible, 
respectively. According to the supplier’ 
tion, the purity of the metals used in the alloys ts 
as follow a) aluminum rod 99.9 pet Al, and b) 
barium rod 99.5 pet Ba. The teel cruci- 
ble, tapered at the bottom and having a 1/16 In 
rested on top of the alumina crucible. The 
assembly wa leeve which 
rested on a refractory platform. The platform moved 
the a 
radio frequency coil 


The accompanying 


pecifica- 


tainle 


diam hole 
placed inside a graphite 


embly up and down through the field of a 
A gla 


embly and the radio frequency 


bell jar was placed be- 
tween the crucible a 
coil to maintain a steady flow of helium around the 
melt. A small window was cut out on the wall of the 


alumina crucible to observe the progress of the re- 


Fig” 1—Experimental 


errangement tor the 


preparation of BaAl 


HEATER COM 


evresvcecce 
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action and to record the temperature with an optical 
pyrometetr 

The platform was first raised high enough to move 
the barium out of the radio frequency coil field in 
order to allow only the aluminum to melt. The 
assembly was then lowered so that the barium began 
to melt and flow out through the small orifice into 
the molten aluminum. In order to keep the violence 
of the exothermic reaction under control, the rate of 
flow of barium was carefully regulated by raising o1 
lowering the crucible assembly 

All the samples prepared by this technique were 
examined by a Norelco X-ray diffractometer Using 
CuKa radiation. The diffraction specimens were pre 
pared by placing the finely powdered samples in flat 
specimen holders. The Ba-Al alloys prepared w ith a 
high barium content were found to consist mainly of 
BaAl,. The structure of BaAl, has previously been 
reported by Alberti and Andress.” They found that 
BaAl, was body-centered-tetragonal with an a b 

4.530A and ce LL.14A 

An alloy whose composition was found by chemi 
cal analysis to be almost 100 pet BaAl, wa 
determine the relative intensities. The d 


used to 
pucihips 


Table |. Powder Diffraction Data of BaAl, 


were obtained from the same alloy to which a small 
amount of tungsten had been added as a calibrating 
material. Accurate values for a, and ¢, were caleu 
lated according to the method proposed by ‘Taylor 
and Floyd The calculated values are: a h 
4.566A and ¢ 11.250A. The measured d-values for 
Ju Al, are shown in Table I along with relative peak 
intensities above background and hkl indice 
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Stability of AISI Alloy Steels 


Typical AISI alloy steels which are used extensively in the automotive industry were 


investigated. These steels were studied in order to provide a comparison with the steels 
now used for piping and elevated temperature service. The results indicate that the Cr-Mo 
steels now employed for piping are satisfactory in comparison with the AISI alloy steels. 
The steels were exposed at 900° and 1050° and, in several instances, 1200°F. They were 
either normalized or annealed before exposure and, in general, two carbon levels were in- 
vestigated. The microstructure was observed after 34,000 hr exposure. Tensile and creep 
rupture properties were determined after 10,000 hr exposure. Graphite was observed in the 
Ni Mo steels, but not in the chromium bearing steels, which were the most structurally 
stable of the AISI steels investigated. A slight decrease in tensile strength in the vari- 
ous steels was observed after exposure. The creep rupture strength of the nickel steels 
was similar to plain carbon steels, but the steels containing molybdenum or vanadium 


had a higher creep rupture strength 


A! constructional allo teel ure a seri of 
teels in which a numberimn tem signifies the 


chemical composition limit SAK (Society of Auto 
motive Engineers) and AISI (American Iron and 
steel Tnstitute) use basieall thre ame numbering 

tem. The steels contain, in part, alloy additions of 
chromium, molybdenum nickel ind vanadium 
They are tsed widel in the automotive industry 


root beeen adopted for high) temperature 


The purpose of th investivation was to stud 
changes in microstructure observed in typical AISI 
comstructional allo teel nthe welded and un 
welded conditions after exposure for 34,000 hr at 
900 and 10500 and. in several instance 1200 
The tensile and creep rupture properti after ex 
posure for 10.000 hr were also evaluated. The inve 


ution i continuation of the wort previou 


elevated temperat ive equired it 
raphite in steels. Interest in the presence of graph 
ite in steel, and also in chang 


teels after lony ervice at « 
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by A. B. Wilder, E. F. Ketterer, and D. B. Collyer 


developed after 1943 when a failure of a welded 
joint of high temperature piping was associated with 
the graphitization of a relatively low carbon content 
teel with 0.50 pet Mo 

Numerous investigations have beeen made in re 
cent yea tudying the relationship of this type of 
failure to change In properts Attempt have been 
made to evaluate the performance of a number of 
teel particularly in the heat-affected zone of 
welds. It was the unfortunate failure of a weld- 
heated zone in high temperature piping in the steam- 
power industry which focused attention upon possi- 
ble failures, and upon the need for improved steel 
for high temperature piping service 

Investigation by the National Tube Div., U. S 
Steel Corp., Lorain Works, has included a wide 
variety of steels in an attempt to learn the effects 
of numerous factors and elements upon the long 
time performance of steels, although many of the 
composition tudied will never be used at elevated 
temperature Included were the well established 
AISI steel series, which offered opportunity to test 
moderately high carbon content steels as well a 
observe the effect of nickel, chromium, molybdenum, 
etc., upon the properties of these well known steel 

The properties of the AISI steels were also studied 
for comparison with the previously reported proper- 
the of the Cr-Mo steels, now used by the steam- 
power industry 


Materials and Testing Procedure 
The AISI alloy steels in Table I were exposed for 
10,000 and 34,000 hr at 900°, 1050°, and 1200°F 
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‘ 
discussed 
Litth wos known concerning the existence of 
in medium or low carbon steels before 1943 
p 
temperatures, 


Table |. Types of Steel, Heat Treatment, and Welding Electrodes 


Als! Chemical Composition 


Desig 
nation “I 


* Other elem included between 0.008 and 0.031 pet P, 0 
N refers to normalized, air cool, A, annealed, furnace coo 


Heat 
Treatment 
rier to 
Paposure 


Welding 
Plectrode 
Employed 


The steels were forged to 1x1 in. bars. All of the 
steels after carburizing at 1700 F had a fine grain 

The graphitization chart employed in this inves- 
tigation contain A, B, C, ete. (A being 
the smallest size particle) which are used with a 
prefix. A rating of 10C, for example, indicates ten 


designation 


particles of dispersed graphite with an average size 
C in a representative 4x5 in. field at X500 
A weld bead for graphitization studies was de 

posited with automatic welding equipment at the 
U.S. Steel Corp. Fundamental Research Laboratory 
using a 's in. diam coated electrode with 100 amp at 
24 volt peed of 10 in. per min. No 
preheating or postheating was employed. The 


and an are travel 
type 
of welding electrodes employed in this investigation 
I hown in Table |. The result 
trictly comparable to commercial 
However, the automatic weld 
investigation provided uniform 
experimental Specimen 


with weld bead 
are not alway 
welding condition 
beads used in thi 
conditions for the work 
containing portions of the bead welds were micro 
copically examined after 34,000 hi 
900° and 1050 F. The exposed at 


were not examined due to the large amount of oxi- 


exposure at 


ample 


dation and decarburization 
The type of 
rupture testing 1 


pecimen used for tensile and creep 
Standard pro 
followed. The 
tensile and creep rupture tests were conducted be 


hown in Fig. | 
cedure for creep rupture testing wa 


fore exposure and after 10,000 hr exposure at 900 
1050, and, in 
1200 
the exposure 


everal instance after exposure at 


The creep rupture tests were performed at 
temperatures and were of sufficient 
actual determination of the 1000 hy 


propertie The tensile test 


duration for 
were at ambient tem 
perature 

Microstructure 
containing the 


Specimen mall weld bead were 


examined micro copically after 34,000 hi exposure 


Fig. |—Diagram of test specimen 
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and compared with the microstructures of the same 
group of AISI steel 10,000 hr exposure 
at 900° and 1050 FO In general, there was very little 
change in microstructure between 10,000 and 44,000 


after only 


hi CXposure 

Graphite in’ Weld) Metal small 
graphite was found in the bead weld metal and 
weld heat-affected zone of AISI Grade 4640 steel 
after 34,000 hr exposure at 1050; A in. diam 
E7020 coated clectrode wa 
heat or postheat. The appearance of one of the gra 
illustrated in Fig 


amount of 


employed, with no pre 


in the weld metal 1 

2. The graphite rating is 0.04G 
A number of dark vray 

identify, were visible in the deposited weld metal in 


phite nodule 


particle too small to 


everal of the higher carbon steels, for example, the 
AISI 4140 and AISI 4337 steels after 34,000 hr ex 
posure, In the AISI 4140 and AISI 4337 welds, the 
were visible along the bound 
after 900 F ex 
after 
mall, light colored 


mall dark particle 
aries of columnar structure area 
posure. Particles in the columnar boundarie 
1050 F exposure appeared to be 
carbide 

Nickel Steels—-The AISI 2320 and AISI 2517 
nickel steel lightly greater spheroidiza 
tion and graphitization after 34,000 hi 
than was visible after the 10,000 hr exposure, pat 
ticularly in the weld heat-affected zone After 
$4,000 hr exposure at 900 F the structure of the 
parent metal of both steels wa till similar to that 
Visible after 10,000 hr exposure, and is illustrated in 
After 34,000 hr exposure at 1050°F the 


| inilar to Fig. Sb, exee pt 


exhibited 


Xposure 


Fig. 3a 
tructure of both steels wa 
that AISI 2517 
The greatest change in the nickel steel 
in the weld heat-affected zone. At 900 F the weld 
heated zone of steel AISI] 24320 resembled that of 
AISI 4640 in Fig. 5, and thi ame zone of steel AISI 
2517 resembled AISI 8625 in Fig. 4. At 1050°F the 
weld heat-aflected zone of both steels wa 
AISI 4640, Fig. 5, «¢ 
considerably coarser 
With regard to the suberitical growth of ferrite 
at 1050 °F in portions of the weld heat-aflected 
of the parent metal, thi been 


teel contained small carbide 


ecceurred 


imilar to 


Kcept that the ferrite areas were 


condition ha 
The phenomenon of growth 

area may be associated with welding stre ‘ 

rowth of the ferrite areas in the 


id not how any 


plain carbon 
increase be 


$4,000 


appreciable 
10,000 hr exposure and the 
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23520 Ni 020 0.70 +70 003 0 002 7020 
2517 Ni 014 041 > 18 0003 O20 
$115 Ni-Cr 0.16 049 120 O61 0.050 
130 Ni-Cr 041 071 144 074 0 005 ovo 
$316 Ni-Cr 016 044 +30 14 0068 
4115 Cr-Mo 021 085 005 026 10 
4140 Cr-Mo 0.48 0.75 003 O94 | 10 
4517 Ni-Cr-Mo 0.18 048 1.79 O41 0.23 020 
$337 Ni-Cr-Mo 036 070 191 ome 030 O20 
8625 Ni-Cr-Mo 024 0.72 045 050 020 wo 
8630 Ni-Cr-Mo 029 0 83 064 0 5¢ 020 20 
4615 Ni-Mo 0.16 0.58 1.87 0.12 027 mo 
wan Ni-Mo 048 1 004 ov 
44815 Ni-Mo 019 065 $56 ov 023 O20 
6120 Cr-V 020 0.51 0.06 too ool 017 O20 ; 
6145 Cr-V o49 0.85 0.05 107 0 007 o19 pe 502 
! 
i 
. i i i 
in th 
- ~ ou The 
tee] ad 
tween the 


Table Il. Graphite Rating of Steels; 34,000 Hr Exposure 


Designation 4 


2008 


sted sone mimediatel beneath weld metal 
sted zone beneath Zone | 
snidar of heat-affected sone 


inidentified 


deposited weld metal equals 004G 


Fiq 2--Stability of AISI alloy steels, showing structures 
visible in bead weld of AIS! Grade 4640 steel exposed 34,000 
he at 1050°F Picral nital Etch a) LEFT Graphite in &7020 
deposited weld metal b) RIGHT: Graphite in weld heat 
X1000 Reduced approximately 45 pct for 


attected 


reproduction 


a) AIS! 2517, 900 F b) AISI 2517, 1050°F c) AISI 4337, 900°F 


d) AIS! 4337, 1050°F e) AIS! 8630, 900°F #) AISI 8630, 1050°F 


Fig 3--Parent metal structures after 34,000 hr exposure 
Picral mital Etch X1000 Reduced approximately 45 pct tor 


reproduction 
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hr exposure interval. The growth of the ferrite In 
the nickel steels is also believed to be virtually com- 
pleted during 10,000 hr exposure 

Samples of each of the nickel steel 
more graphite in the parent metal and the weld 
heat-affected zone after 34,000 hr exposure at 900 
and 1050 F than previously found after 10,000 hi 
exposure. AISI 2517 steel, which did not contain 
graphite after 10,000 hr exposure at 900° F, contain- 
ed a small amount of graphite in the parent metal 
after 34,000 hr. The graphite ratings are shown in 
Table Il. The reason for the absence of graphite in 
the weld heat-affected zone of the 900 F sample of 
AISI 2517 steel is not clear 

Ni-Cr Steels—The Ni-Cr steels continued to ex- 
hibit a relatively stable microstructure. After ex- 
posure for 34,000 hr at 900 F AISI 3115, 3130, and 
3316 steel teels after 10,000 hr 
exposure and resembled Fig. 3e. After exposure 
for 34,000 hr at 1050 F the Ni-Cr steel 
omewhat more than after the 10,000 
imilar to 
3f, and 


contained 


were similar to the 
were 
pheroidized 
hr exposure, The AISI 3115 steel wa 
Fig. 3a, the AISI 3130 steel resembled Fig 
the AISI 3316 steel wa imilar to Fig. 3d 

The structure of the weld heat-affected zones of 
these steels after exposure for 34,000 hr at 900°F 
was similar to AISI 8625 in Fig. 4. After exposure 
for 34.000 hr at 1050 F the weld-heated zone of 
AISI 3115 steel was similar to AISI 4115 in Fig. 4a, 
and AISI 3130 and 3316 steel imilar to AISI 
8625 in Fig. 4 

The Ni-Cr steels contained no evidence of graphite 
weld heat-affected zone 


were 


in the parent metal or 
after exposure 

Cr-Mo Steels —Stee! 
tinued to be relatively 
posure, but additional 


AISI 4115 and 4140 con- 

table afte: 
pheroidization wa 
particularly in the samples exposed at 1050 F 
34,000 hr exposure at 900 F the Cr-Mo steel 
till structurally stable and were similar in appear- 
ance to Fig. 3e. After similar exposure at 1050 F 
the AISI 4115 steel resembled Fig. 3d, and the AISI 
4140 steel wa imilar to Fig. 3f. In the weld-heated 
zone the structure of the two steels did not change 
to any great extent since the previou 
After 34,000 hr exposure at 900 F the structure of 
the AISI 4115 steel is illustrated in Fig. 4, while the 
AISI 4140 steel resembled the AISI 8625 steel in 
Fig. 4. After 34,000 hr exposure at 1050 F the AISI 


prolonged ex- 
observed, 
Aftet 


were 


examination 
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N 0 05G D 100D 0.2K 
‘ y 17 N 0 0 0 iF 0 0 O1K 0.34 
4115 0 0 0 0 9 0 0 
4130 Ni 0 0 0 0 0 0 
15 0 0 0 0 0 0 
Ni-M an 20D iF 20k 
( 0 0 0 0 0 0 
| te he 
2 refers to he 
refers to are 
4 refers to pare 
Very small dork gray price, 
Grophite tating at (oc 
| 
~ 
‘ nd 
' 
de 


Fig. 4—Structural changes in weld heat-affected zones of 
AISI 4115 (left) and 8625 (right hand micrographs) steels 
after 34,000 hr exposure at 900°F. Picral-nital etch TOP 
ROW. weld metal; CENTER ROW: weld heat-affected zone; 
and BOTTOM ROW parent metal. X1000 Reduced approx: 
mately 20 pct for reproduction 


4115 steel compared with AISI 8625 in Fig. 5, and 
the AISI 4140 steel with AISI 8625 in Fig. 4. Gra 
phite was not observed 

Ni-Cr-Mo Steels—The Ni-Cr-Mo AISI steel 
4317, 4337, 8625. and 8630, changed considerably 
during early exposure but appear to have changed 
very little during the exposure interval from 10,000 
hr to 34,000 hr. After exposure for 34,000 hr at 
900 Ff teels 4317. 6625. and 8630 remained e 
tially the same in appearance and were similar 
Fig. Se. After the same exposure at 1050 F some 
changes were 
these steels which resembled Fig. 3f. The structure 
of the AISI 8630 steel exposed at 900 F is illustra 
ted in Fig. 3e, and at 1050 F in Fig. 3f. The AISI 
4337 steel was not changed after 34,000 hr at 900 
but showed additional spheroidization after ex- 
posure at 1050 F. Figs. 3c and 3d illustrate the 
tructures of this steel after 34,000 hr exposure at 
900° and 1050 F 

The weld-heated zones after exposure at 900 °F 
were essentially unchanged and resembled AISI 
$625 in Fig. 4, but slightly more spheroidization wa 
observed in the material exposed at 1050 F with the 
tructures resembling AISI 8625 in Fig. 5. Graphite 
was not observed in these steel 


observed in the microstructure of 
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Pe Apr 
Fig. 5—Structural changes in weld heat affected zones of 
AISI 8625 (left) and 4640 (right hand micrographs) steels 
after 34,000 hr exposure at 1050°F. Picral nital etch TOP 
ROW. weld metal, CENTER ROW weld heat affected zone 
and BOTTOM ROW parent metal X1000 Reduced approx 
mately 20 pct for reproduction 


Ni-Mo Steels ‘These steel howed a change 
microstructure during 
but do not appear to have changed materially be 
tween the 10,000 hr and the 44,000 hr e 
periods. The AISI 4615 steel contained 0.12) pet 
residual chromium, the AISI 4615 steel contained 
0.16 pet residual chromium, and the AISI 4640 steel 
contained only 0.04 pet residual chromium. After 
exposure for 34,000 hr at 900 °F the AISI 4615 steel 
resembled Fig. 3a; the AISI 4640 steel, Fig. 3f: and 
the AISI 4815 steel, Fig. 3d. After exposure at 
1050 F the AISI 4615 steel resembled Fig. Sb. the 
AISI 4640 steel, Fig. Sf; and the AISI 4615 steel 
Fig. 3d 

The weld-heated zones of all these steels were 
imilar to AISI 8625 in Fig.4 after 900° F exposure 
After exposure at 1050°F the AISI 4615 steel re 
embled AISI #625 in Fig. 5. The AISI 4815 steel wa 
imilar in appearance to the AISI 4640 steel afte: 
$4,000 hr at 1050 F, as illustrated in Fig. 5 

All three steels displayed evidence of graphitiza 
tion, as shown in Table Il. The AISI 4615 steel pra 
phitized considerably at 10507 
tization at 900 F was questionable. In the 900 f 


early exposure interyv: 


po lire 


However 


pecimen after 34,000 hr exposure a number of 


dark gray particles too small to be identified could 
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| 


1200°F 


Table II. Tensile Properties Before and After 10,000 Hr Exposure at 


Vield Strength, Pai Tensile Strength, Psi Flongation, Pet tIn ttn Keduction of Area, Pet 


Kefore After 
bx posure Exposure 


Niet Netore After Ketore After Kelfore After 
Px posure posure posure posure posure Exposure 


Table 1V Creep Rupture Strength Before and After 10,000 Hr Fig. Se after exposure at 900 F. At 1050 F the AISI 
Exposure at 900°, 1050°, and 1200°F 6120 steel resembled Fig. 3d: and the AISI 6145 
teel, Fig. 3c. The weld-heated zones of these steel 
were similar to AISI 4115 in Fig. 4 at 900 F and 
Stress for Kupture, Psi 


Pxposure AISI 8625 in Fis » at 1050 F. Graphitization wa 


not observed in these steel 


Temper 
ature Nelore Nitert Hefore After? 
Tensile Properties 
2420 In general, there was a slight decrease in_ the 
yield strength and tensile strength of the variou 
24 teels after 10,000 hr exposure at 900°, and the de- 
259 215 creuse Wi more noticeable after exposure at 
. 1050 F. An appreciable decrease was observed in 
202 22 the yield strength and tensile strength of the steel 
2 exposed at 1200 Ff ee Table II] The elongation in 
ae the tensile test was not changed appreciably by ex- 
a4 posure at 900 and 1050 F, but the reduction of 
ivea was increased in several steels, The ductility 
46 properties were appreciably increased in the steel 
0 exposed at 1200 F. The tensile properties for the 
teels are shown in Fig. 6 for the 900° and 1050 F 
; + exposure temperature 


Creep Rupture Properties 


The creep rupture strength of the nickel steels in 
+0 j Table IV 1 milar to that of plain carbon tee! 


and showed no appreciable change after exposure 


at 900° to 1200 F. Two levels of nickel did not in 

Ista fluence the creep rupture properts but the addi 

tion of chromium to teel containing nickel 

Lala appreciably increased the creep rupture strength 

wn ' tie 2 Ho These properties were not changed to any great ex 
NIST 4:24:57 tent by exposure at 900° and 1050 Ff 

In the steels of Table IV containing molybdenum 

or vanadium, the creep rupture properts were 

a6 "4 higher than the nickel and Cr-Ni steels. The steel 

containing higher levels of carbon had lower creep 

rupture properts than the lower carbon alloy 

' teels. The creep rupture strength was slightly de- 

creased due to exposure at 900° and 1050°F 
The ductility in Fig. 7 before or after exposure 
fer reater at than at 900 F. The ductility 


after exposure at either temperature was greater in 


general than the ductility before exposure. The 


ductilitv level of ome of the tee] Wu low par- 


be seenoin the parent metal and in the weld-heated 


me. The AIST 4815 steel graphitized only after « Conclusions 
posure at L050 Fk \ large amount of graphitization 1) Evidence that E7020 weld metal may graphi- 
vas observed in the AISI 4640 steel at 900° and tize when deposited on AISI 4640 Ni-Mo steel wa 
1050 Fo in the weld-heated zone and parent metal observed after exposure for 34,000 hr at 1050°F 
The microzraph in Fig. 2 illustrate the degree of 2) Phe AISI 2320 and 2517 nickel steels and the 
raphitization in the weld heat-affected one of AISI 4640 Ni-Mo steel raphitized at 900 and 
LIST 4640 steel after 34,000 hr exposure at 1050 fF 1050 F during 34,000 hr exposure. The AISI 4615 
(sraphitization in the deposited weld metal occurred and 4815 Ni-Mo steels with residual chromium gra 
thie phitized at 1050 F during 34,000 hr exposure 

Cr-V Steels AISI steels 6120 and 6145 remained Nickel not effective in preventing graphitization 
relatively stable microstructurally after 34,000 hy +) Phe chromium bearing AISI steels did not 
exposure, Both steels had an appearance similar to raphitize after 34,000 hr exposure at 900° o1 
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Creep of Al-Cu Alloys During Age Hardening 


High purity polycrystalline alloys of aluminum with | to 4 pct Cu were tested in creep over a 


temperature range of 200 


to 540°C. Hardness, X-ray, and tensile data supplemented the creep 


results. Starting with alloys in the quenched, single-phase condition, creep tests were performed 
both within the single phase and two-phase region of the equilibrium diagram. Aging under stress 
was initiated by enclosing the specimen with the hot furnace at the same time that the load was ap 
plied The effects of aging on the minimum creep rate were determined by comparison of two 
types of creep curves: 1) the curves obtained when creep is accompanied by aging, and 2) the curves 
obtained under identical circumstances but without aging. The first curves were determined ex 
permentally, while the second were obtained by extrapolation of the high-temperature single-phase 
creep data into the two phase field. At the intermediate stresses, precipitation resulted in stronger 
alloys. Inversions in the relative strengths of the two phase and single-phase alloys were predicted 
at the higher and lower stresses, whereby the single phase alloys became stronger than the two 
phase alloys. Low stress (‘high temperature) inversions have been reported by other investigators 
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Underwood 


phase alloys in which precipitation and creep de 


formation proces d concurrently 


Equipment and Experimental Procedures 

Preparation of the Specimens — Four 25 |b ingot 
were prepared from 99.999 pet Cu and 99.996 pct 
Al to compositions of 1, 2, 3, and 4 wt pet Cu. Spec 
trographie and chemical analyses are listed in Table 
I After heat treatments and intermediate reduce 
tion the alloy were cold rolled to ! in. thick 
heet. The final cold reductions amounted to 50, 40, 
20, and 10 pet for the 1, 2, 3, and 4 pet Cu alloy 
respectively 

The specimens for creep machined 
into tensile flat 7 long (at the 
houlders), and 's in. thick. The reduced 
were ‘44 in. wide and 2's in. long. After heat treat 
ments at 540°C to an ASTM grain size of 1 +1, the 
pecimens were quenched into water at room tem 


ection 


perature then electropolh hed in a glacial acetu 


acid and perchiloru acid olution The aut mark 


placed 2 in. apart on the 


were Knoop impression 
reduced sections. Blanks of 1 x 1 in. were cut from 


thie ifthe heet for the 


were given the ame grain “At 


hardening runs and 
heat treatment 

rhe specimens and blanks were stored in a refrig 

40 C until needed for testing 

were conducted 


erutor at 

Creep Measurements Creep 
n a constant temperature room which 
tained at 26° +1°C. A split-type, hinged 
mounted on a horizontal 


tube furnace wa 
that the pecimen could be enclosed suddenly 
ook about ov the pecime! to come 


of the test temperature The temper iture 


along the to 


pecimen Wa controlled 
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. 
3 Po has been recognized for mar ears that d 
7 persed particles have great value in raising the eC 
creep ‘ ¢ fact ome of 
their superiorit all others. A 
better high-temperature resistance to deformation 
results in alloys capable of two oct ive precipi 
tution reaction 
The ramifications of this findu are of preat in 
terest) Unfortunately, our understandin 
ons for ich notable improvements 
a pace with technical developments. In 
inceover some of the baste tact overnin 
ener iopro Vil initiated at the 
Viermortal Institute with the primary 
of comparing creep strength ingle-phase Hill 
two-phase (precipitating) alloy 
Phe effects of precipitate 
on the ereep properties of a ee 
that the resistance to creep 
before creep testi 
those posse the maximu 
rhot rece iil have the ma 
crn othe tresse 
volved oth tructure 
7 Considerations of the above 
pe of defini thy init 
4 Here, it was decided to start SEE singh ertical 
r ach 
: Thu 
within 
0) bout 


by 
temperature was controlled within +2 °C 

The surface of the 
were observed through narrow 


an auxiliary heating coil, while the furnace 


pecimen and the gage mark 
lit windows at a 
magnification of 20 time A microscope, mounted 
on a vertical 4 In. micrometer slide, permitted the 
distance between the two gage marks to be mea 
ured with a sensitivity of about 50 pin. Direct load 
ing was used so that the specimen could be unloaded 
quickly and quenched into water at 26 C after a 
elected amount of creep 

X-Ray Technique—The X-ray examination wa 
of a simple back-reflection type used previously 
Diffraction patterns were obtained from the reduced 
ections of the specimens using filtered cobalt radi 
ation 

Hardness Data— Vickers diamond hardne 
bers were obtained from the 1 x 1 in. blanks, and 


num- 
from the reduced sections and shoulders of the creep 
blank were aged in salt pot ut 
and were 


pecimen The 
temperatures ranging from 200° to 400 C 
quenched periodically in water at room tempera 

ture. The average of five impressions was used to 
plot the hardne time curve Hardnesse were 


houlders and reduced sections of 


measured at the 
the creep specimens after the creep test 

Tensile Tests—Tensile tests of 
variou trains were conducted 
rates of about 0.0078 or 0.0108 per min and at tem 
between 26 and 300 C. The tests were 
hortly after the 


pecimens crept to 


ut constant train 


perature 


usually discontinued maximum 


load was detected 


Experimental Results and Their Evaluation 
Creep Tests——In attempting a comparison of creep 
trengths in single-phase and two-phase alloy it 
to identify the effects of age hardening 
on creep. The procedure devised for this purpose 
was that of interrupting the creep run at selected 
from the furnace 
delineated. Then 
pecimens were tested, under the same 


nece ary 


times by quenching the 
First, the entire creep curve wa 
additional 
conditions of stress and temperature, but for suc 
horter time Thu 
point along the creep 


pecimen 


everal specimen 


cessively 
representative of as many 
curve, were available for other measurement 

The conditions of the 
Table IL. In general, the temperature dependence of 


obtained with the 2 pet Cu alloy and 


creep test are iven in 


creep Wa 
the compositional dependence of creep was deter 
mined at 300 C. There | ore 
belonging to the same stre and tem 


pread among the 
creep curve 
perature group. The deviations do not appear to be 
greater than those 

w of the unusual experimental requirements of 


normally encountered, even in 


this investigation. A few creep curves were not 
used because of ¢ ive deviation from the ave1 


However, in some cases, these specimen 


ave curve 


have yielded data useful in other connection 


Fig. |—Representa 
tive creep curves of 
single phase or 

aging Al Cu alloys 


‘i 


TRANSACTIONS AIME 


Fig 2-—Initial creep stress vs minimum creep rate for single 
phase or aging Al Cu alloy 


The shoulders and reduced sections of the creep 
elected as likely spots to study the 
train on age hardening. It was hoped that 
would be elastically strained and that 
would be plastically strained 
quare grid of 20 lines to the 
applied photographically to two electro 


pecimens were 
eflects of 
the shoulder 
the reduced section 
To verify this, a fine 
inch wa 
polished specimens before creep testing. The resi 
dual creep strain, measured at room temperature, 
amounted to about 0.2 pet in the houldes It ap 
pes that the 


elastu The grid deteriorated at higher tempera 


deformation there is not entirely 
ture oO the deformation resulting from creep above 
200 C wa not determined 

Pypieal creep curves have been plotted to linea 
in Fig. | to illustrate the vari 
widely 
curve } typical of those ob 


train and time seale 
ations encountered unde1 differing creep 
condition The 200 


tained at the lower temperatures and under rela 


Table |. Spectrographic and Chemical Analyses of Al Cu Alloys 


Chemical Spectrographic Analysis, Ppm 
Analysis 


WtPetCa te rh 


Nominal 
(ompost 
tien, Pet 


noted that thi 
In which aping | 


‘ It 


creep in 


hould be 
curve represent an allo 
proceeding concurrent With deformation. It ha 
the appearance of a normal creep curve. The other 
two curve were obtained from creep tests im the 
ingle-phase region. The alloys were tested under 
almost identical conditions except for one important 
difference. In one cause (the upper curve) the specs 
men was allowed to come to temperature before the 
load was apphed. This procedure was followed onl 
at temperatures within the single-phase field. In the 
other case (the lower curve), the hot furnace wa 
placed around the specimen at the same time the load 
was apphed. This was the normal procedure when the 
Within 


difference experi 


pecimen Was to be tested at a temperature 
the two-phi region. The 
mental techniqu dor not appear to give notice 
ably different resu except at the very short time 
difference for all alloy 


train, and thi 


The magnitude i ri 
Wi isually much ian | pet 
only at the shorter 

The Coon creep data indicated ini 


writhm of the tre j plotted 
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Me 
2 AD 
. ‘ kup possible f the eleetrode 
Not detected 
1 
i J 


Fig 3—Effect of 
stress on the mini 
mum creep rate of 
single phase and 
aging Al Cu alloys 
at a temperature of 
573°K 


Fig 4— Correlation 
of creep and tensile 
data for aluminum 
and Al 2 pct Cu 
alloys 


Fig 5—-Calculated 
minimum creep rates 
for single and two 
phase alloys of Al.2 
pet Cu 
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thm of the minimum creep rate. These 
and extrapolated values are utilized 
paper since the minimum creep rate 1 
an index the creep strength. The vari- 
in the these line with temperature 
approximates qualitatively the behavior observed in 
other creep studie 
An informativ ries of curves appea! 
plotting minimum creep rat 
Dorn’s data 
while the re- 
two-phase data represent minimum creep 
Al-Cu alloy The maximum rate of 
between 


t the composition 


in the single-phase area 


pth oOccul 
additional 
when associated wi ults of a kinetic anal- 


and 2 pet Cu ignificance 


al 
it the same compositions ( 1 to 2 pet Cu) and tem- 


perature (573 K) 
purent that relat: itthe additional creep resist 


feturning to Fig. 3, it Is ap- 


ance is gained \ asing the copper content from 
2t0 4 pet 

Low-maypnification examinations were made of 
on Al-Cu spec 


tempera 


thie rfi deformation markin 
rien crept to variou train at Variou 
ture It wi found that the 
and the specific manifestations of deformation (slip 


band fold ruin rotation, gral 


equence of change 


boundary mig 

) are much the same as in creep of his 
ihuminum The application of sti to 

F found to considerably wid 
ened and numerous bands of the light phenomenon 
Furthermore, platelet 
within these regions appeared to a 


ulloy 
orientation 


vation 1 the deter 


effects of age hard 


major of thi 
mination and evaluation of 
ening on creep. To accomplish tt goal, a compari- 


on was made of the following two types of creep 


curve 1) the curves obtained when creep is at 
companied by aging, and 2) the curves obtained 
under identical circumstance but without aging 
Obviously, both curve cannot be determined ex 
permmentally Theretore it wa 
trapolate the high-temperature ingle-phase creep 


data into the two pha e field The latte: data would 


proposed to ox 


be representative of creep without aging, while the 


corresponding creep plus aging curves could be ob 
tained experimentally 
The value « uch a comparison depends greatly 
of the extrapolated data. For thi 
purpose <trapolation is desired capable of 
handling and temperature changes plus on 
other creep variable uch a train or minimum 
creep rate. Ty relatively imple inctions have 
emerged lately which relate creep to the tem 
perature and minimum creep rate, One of these 
functions, the Larson-Miller’ parameter, P, has the 
fi 
[1] 


where T is the ; olute temperature is 1 mini- 
it. Thi 
relate and 


Altho igh 


mum creep 


V P plo not pecified, 


ely the ume huape 
confidence in judging 
extrapolated curve 


thie tre 
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* 
~ 
4 
4 
9 
\ 
\ 
. 
‘ 
correlate both creep and t 
tar the exact shape of the str 
thie curve qualitati 
These tinding ive increase 
» the probable usefulness of 
a4 
Another expression which relates 
: ° function of temperature and strain rate has been 


Fig. 6—Precipitate in Al-2 pct Cu alloys aged at 400°C. a) LEFT: Overaged tor 960 min Unstressed b) RIGHT Aged tor 149 
min under stress of 1700 psi. Keller's etch X1000 Reduced approximately 10 pct tor reproduction 


adapted by Dorn” to creep, although it was origi- Eq. 2. That this latter constant should have dif 
ferent values is logical, because in one case we have 


nally proposed for correlation of tensile propertie 
undisturbed by aging 


by Zener and Hollomon.” This function, Z, may be creep ina solid) solution 
written effect While in the other cause aping exert if 
} oe [2] complex influence on the creep proce Dorn” wa 
unable to correlate the creep data of age-hardenable 
where SH is a constant, an experimental activation loys with his AH for dilute single-phase alloy 
energy for creep which is closely akin to the activa but this is understandable if a different proce 
tion energy for self diffusion, and the other term ; 
' controlling in aging alloy 

The experimental results are presented inv Fig 

joth Eqs. 1 and 2 were used in an effort to com 1 but, for the sake of brevity, only in terms of the 
pare the creep behavior of aging and nonaging Al Larson-Miller parameter. The curve for the 2 pet 
2 pet Cu alloy However nee the — Cu alloys are representative of creep in single-phase 


equivale nt the ult found alloy 12) and ith two pha ‘ alloy 
rameter (Cc 17). The tensile points appearing at the high 


the 


ameter. That ‘ Ex 
ec t ng gari est tresse are obtained from crept 


and two-phase specimen They help to delineate 


the course of the curves, as doe the combined 


vardle of which parameter wi 
and tensile curve for high-purity alumi 


creep 
num 

The qualitative nature of the high-stre portion 
of these curves precludes any quantitative ealeu 


Table It. Creep Data for Al Cu Alloys 


Compe Testing Initial Number of Location on lution but Connie observation can be drawn In 

Creep Specimens veneral the single-phase alloys are weaker* (i. 
Whet a 

tw 

The 


have . igh minimum creep rate) over most of 
the stre range For a constant temperature, the 
inequality given in the footnote predicts that the 
minimum creep rates tend to become equal at the 
higher stresses j two curves tend to converpe 
At still higher stresse an inversion in the minimum 
creep rate occurs and the single-phase alloys be 
come tronger than the two-phase alloy hot 
temperature of 500 K, the minimum creep rates be 

t 10,000 psi, and at higher stre ‘ thie 


Corrie equal al 
ure weaker than the single-phase 


two-phase allo 
allo Depending on the temperature chosen, thi 
ion in creep strengths will oecur at some 
or lower stre 
prediction of i inversion in the minimum 
the high-stre portion the diagram 

asonable if an increased creep 


can be attributed primarily to finer 


values of the constants in each case were calculated 
from the experimental data. Thus, the values of C 
from Eq. 1 that were found to fit creep data paced particle Giedt, Sherby, and 
the single-phase and two-phi alloys are 12 have demonstrated experimentally that th 
17, respectively. Similarly, SH f 48,000 and i fact at higher stresses. Consider a two 
000 cal per mole were found i in F lloy in which the articles become incren 
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se? "he 
of Eq. 2, log Z On 
200) 2 cor thin this distance the minimum creep rate tor the 
ain 2 1 4 
1700 Pwo- phase 
I p ‘ 
100 &Two-phase 
win 25 gle-phase 
I phase 


Fig 7 


ompeosition 


‘ ‘ 
il iif 

rive 

eudy 

beat 

i ope 

trent 
af 


Table til. Age-Hardening Data” for Unstressed Al-Cu Alloys 


Time, Min, to Maximum Hardness 
Maximum Hardness at Reaction Temperatures, at Keaction Temperatures, “¢ 
Initial 


veen BOO and 1700 psi and are plotted in Fig 


Age hardening in unstressed Al 2 pct Cu alloys 
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) 
show thi nversion in minimum creep 
thie esultis obtained with decreasing tre ‘ 
comparison of minimum creep 
ite nele-phase and aging two-phase alloys of 
thee nposttion has been attempted. The ‘ 
its it ite that the two-phase alloys are gen 
erall but that at high and low stresses 
tiple pl e allo may have the lower creep rate 
experimental nvestivation tend to confirm th 
procdiete behavior, Furthermore, the same trend 
of the paper by CGiedt et al but 
for all of different compositions and in terms of 
the Phus, it appears that new appli 
cation of the parametric plot are fea ible, especiall 
if the wtificial restriction of constancy of C 
it) moved 
er temperature the two-phase alloy 
hiotald erage quickl inder and the creep 


ller and more finely dispersed, It e\ 
thee Cust ipproache that of a 
ited solid solution, wherein the particle 
the solute atoms themoselve On the othe 
equilit im phise alloy possesse 
| ticles and would have a lesser parti 
increment than the ingle-phase 
po izvested by the Al-Z pet 
ol 1 A sheht converpence of the two 
nvle-phiase curves can be noted as the 
ecrease (below 1700 psi) or as the tem 
renee \ trend of this type implies an 
nm relative trent imilar to that al 
dat the bighe tre levels. This predi 
en some eloment of confirmation by vari 
howing that, under appropriate con 
nele-phiase alloy reater creep 
than two-phase alloy Po illustrate the 
even thi light convergence minimun 
huve been caleulated for tre ‘ bn 


properti hould approach those of an alloy over- 
aged before creep. To test this conclusion, a speci- 
men was aved for four days at 300°C and then wa 
crept under a. stre of 2400 psi at 300°C. The 
change in position because of prior overaging Is in- 
dicated by the arrow in Fig. 4. It is obvious that 
this prediction was not confirmed. Recourse to the 
microstructures of the alloys aged before creep and 
ugved during creep revealed a great disparity in the 
ze, shape, number, and spacing of the precipitate 
An example of the difference is given in Fig. 6. The 
relatively large coalesced particles in the overaged 
alloy apparently contribute little toward strength 
ening the matrix, unlike the small, platelike, and 
finely dispersed particles in the alloy aged during 
creep. In fact, at an assigned temperature of 500° K 
the minimum creep rates of the overaged alloy and 


of the ingle-phause alloy hould be approximately 


equal 
Age Hardening Curves The primary function of 
the hardne measurement was to indicate the 


deyree of age hardening that occurred during creep 
However, it was also necessary to establish the 
hardne vs time curves in unstressed alloys, since 
they could serve most readily as a basis for com 
parison. In addition to the anticipated use inter- 
esting correlations were also developed between the 
hiardne number and total creep strain 

rhe age-hardening curves for unstressed alloys of 
Al-2 pet Cu are shown in Fig. 7. The estimated 


times to maximum hardne have been indicated by 
mall arrow A consideration of all the data for all 
alloys reveals that the times decrease with increa 

ing temperatures, but at a certain critical tempera 
ture the trend is reversed. The maximum hard 
nesses also follow the same pattern. These ap 


parently inconsistent data have been rationalized on 
the basis of a kinetic analysis of the age-hardening 


curves, Which has been reported in more detail else 
where Briefly, this analysi hows that the max! 
mum hardne attained during tsothermal aging 
decreas to 4 minimum with increasing reaction 


temperature, then rises again. This temperature, at 
which the maximum hardne is the least, is also 
that at which the rate of reaction is the fastest 

The more important age hardening data are listed 
in Table HI for ready reference. The average hard 
nesses of quenched specimens, when plotted vs com- 
position, were seen to le above the data from other 


investigation The higher quenching tempera 
ture or differences in alloy purity may account for 
the tematic displacement of the curve 
Hardne data from the stressed creep specimen 
ind from the unstressed alloys are compared in Fig 
For alloy tressed at 1700 psi, the hardne 


maximum is reached first in the gage section, and 
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‘ 24 2 
12h 7 2 
| ‘ oo 17 
‘ 7 74 17 14 
j ‘ te ‘ ture 
lent 
it 
ite nov 
‘ { 
ale trey 
= 
fu curve 
pha ‘ 
; 
| 
. 
i 


then later in the shoulder This order is not seen in 
the results for the alloy tressed at 1235 and 790 
psi, although additional data for the earlier time 
would clarify this point. It does appear, 
that the hardne peak in the tressed 
hifted to 
increased 

An interesting 
nesses are considered, not in 


however, 
ample 
horter time the prior creep stre 


correlation 

relation to the me of 
tressing during creep, but rather in relation to the 
total creep strain A comparison | 
by plotting the three shoulder hardne curves of 
Fig. & vs cree p time Fig. 9A, and then a 
creep strain, Fig. 9B. Two radically different group 
In Fig. 9A there 1 
lationship between stre time, or hardne How 
ever, in Fig. 9B, three distinct curves have sorted 
themselve out of the ame data The hardne 
levels decrease directly with the stre while hard 
ness peaks appear at essentially the same total creep 
train of about 1.4 pet. Furthermore, through a 
catter in the individual creep curves, if 


made in Fig. 9 
vain vs total 


of curve result no obvious re 


fortuitou 
can be seen that the contribution of aging time to 
the hardne is negligible compared to that from the 
Qualitatively, the ame results were ob 
ection hardnesses as with the 
However, the cuttel 
(presumably because 


train 
tained with the gage 
houlder hardnesse greate! 
in the gagve-section hardnesse 
of the 
lationship from being 
The results depicted in Fig. 9 suggest that the 
houlder strain is directly related to the total creep 
train. Such a relationship is not unlikely, since the 
tre in the houlde: hould be about one third 
that in the page ection. It would also appear that 
there are two major contributions to the hardne 
that of the age-hardening and that of the 
tructural deformation. The correlation presented 
in Fig. 9B indicates that the 
plays the decisive role. The complex 


preate! urface distortion ) pre vented the re 


hown us clearly 


proce 


tructural deformation 
interplay of 
tre and train on the age-hardening 
make it difficult to analyze the available data in 


proce 


more detail 
tructural defor 
data ob 


The relative importance of the 
also ¢ mpha ized by the hardne 


pecimens cre pt into the tertiary tape 


mation 1 
tained from 
There an abrupt drop in hardne that bears little 
connection with the age-hardening curve for the 
unstressed alloy However, reference to the creep 


that the hardne breaks oceur during 


curve how 


Fig. 8—Hardness vs time in stressed and unstressed Al 2 
pct Cu alloys aged at 400°C 
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Fig) 9—Hardness at the specimen shoulders vs the total 
creep strain or creep time tor Al-2 pct Cu alloys aged during 
creep at 400°C 


tertiary creep, and that the hardne falls off grad 
ually a 

Tensile Tests—-A typical series of stre 
curves are presented in Fig. LOA, Al-2 pet Cu alloy 


a function of total creep strain 

train 
were crept to the strains indicated in the figure, and 
were then tensile tested at room temperature, The 
effect of prior creep strain on the tensile flow stre 

is depicted in Fig. LOB. The similarity of these al 
curve to those established by Dorn 
crept, and tensile te ted 


loy flow stre 
et al with prestrained 
high-purity aluminum would indicate that the age 
hardening contribution to the flow. stre is negh 


gible compared with the effects of structural de 
formation 

The effect of composition on the tensile flow stre 
of the Al-Cu alloys crept at 300°C 1 
Figo 11. The data were obtained from curve uch 
aus in Fig. 1OB by plotting the flow stre at a creep 


train of 1 pet against the composition, If the avail 


le picte doin 


Table 1V. X-Ray Diffraction Examination of Al 2 pet Cu Alloys 
Aged and/or Stressed at 1700 Psi and 400°C 


Creep Nging of sive of 
Strain or Creep \ May Length of 


Vet Time, Min Vattern \reas, Mim 


Ver 


uble data are drawn in three groups according to the 
original creep stresses, then the increase in tensile 
flow stre is roughly equal to the difference in creep 
the effect of creep stre on the 
tre f 2 pet Cu alloys crept at 300° and 
The effect of prior creep stre on the flow 
at 400 C | hight, but become 
The data available for 200°C are not 
pronounced effect — the 
about double the 

othe 


constant stre constant 


appreciable at 


hown 
an even more 


ile trength 1 


Dorn 


amon} 


at equal creep rain revardle 


different ructure 


creep st ynee the tensile 
hes j ame creep strain 


the obsery J are attributable 
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> a! | 
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0 #0 pot 
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were ‘ wed after the creey fhe average 
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. 
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| 
. 
Sampras 
tenows hown that, under 
comparisons are ma 
lhlows tha 


a 
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X-Ray lovestigation 


The 


creep 


pl ‘ 


Fig 10 Derivation of tow stress vs creep strain curve from 


Stress stram curves A LEFT 


Room temperature stress 


strain curves of precrept Al 2 pct Cu alloys Creep stress esuited when the 


equals 790 psi, creep temperature 400°C B) RIGHT Tensile 
flow stress 


from Ff 10a 


as a function of prior creep strain Data 


‘ 


An ¢ 
phase 


Fig 


bined 


at temperature 


<trapolation of the latter curve into the two 


harp platelets, the latter was com- 
pherical particle 
indicated that the sequence of 
onal chanpves its the ame in Al-Cu alloy 
However, the proce eem 


widely paced 


pure aluminum 
accelerated somewhat in the 
compositional dependence f the minimum 
ate at 300 C revealed a marked increase in 
rength at compositions Just inside the two- 
boundary. This temperature and composition 
responds to the gion of the phase diagram 
the rate of age hardening undergoes a rela- 
etardation 
effects of aging on the minimum creep rate 
tudied with Al-2 pet Cu alloys. Two curve 
tre was plotted against a com- 
function of temperature and minimum creep 
e, the Larson-Miller or the Zener para- 
One curve represented creep of two-phase 
alloy while the other resulted from creep 


within the single-phase region 


field enabled comparisons to be made with the 
the difference between the hypo- 
curve and the experimental 
curve was ascribed solely to the effect 

on cree} 
following predictions were made on the basi 
comparison of the two curve At inter- 
‘ the two-phase alloys were stronger 
phase counterparts, and precipita- 
a strengthening action. Howeve1 
relative trength 


tresses, and the single-phase al 


occurred at the 


preater (calculated) creep strength 


Effect of 


composition on the 


tensile 


flow stress of 


Al Cu alloys pre 


crept to | pct strain 
at 300°C 


confirmed the occurrence 


and the 


Fig 12 


Effect of 


creep stress on the 


tensile tlow stress of 
Al 2 pct Cu alloys 
precrept to 2 pct 
strain at 300° and 


400°C 
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finely 
posed mi 
deform 
asi 
Pan 
3 ou — 
rate 
to ibstructure nherited from the tout 
X-ray technique adopt | 
eel in th | ation ha itilized previousl 
first 
pu i ise allo det thetic 
the efleet of deformation of thie 
Hloweve no the problen iniche considera 
ofa 
etleat ite ipo mposed of those 
Ye ition Thi ‘ il of the X f th 
hivest tion of the 2 pet Cu alle crept at 1700 
mod 400 ¢ ine edin Table IV than 
an 
Ve fifliase refleetion vere detected fanning out tion 
oof thre hary peat obtained fron thie 
ail 
ove tanstre | mmole These diff 
‘ il? fiew ‘ iti “ ut et 
4 ed refleetior Iso occurred outside the 
4 ‘ 1 (420) cirel fron pecimens crept 
\ i i! 
: eutest oe | iC of ref. 24. so diffraction ef 
fects could be expected from the preeimpitate From 
the results obtained here, it seems likely that the ; 
deformational proceed rh the 2” 
Vhen coripa pure aluminum are made at : / 
equal straw thicat thre tructural chanwpe ; 
we accelerated in the age-hardening allo 
Resume and Conclusions 
study of the creep behavior of high purits : 
conducted at temperatures that tmeluded both the 
All tested within the two-phase field - 
vere othe quenched nele-phase cond stress 
tie could start multauneously with 
thre of the creep load Ditlerent pen 
eu ‘ enabii i detailed examination too 
rrocacte f the chuanue ubout t tre durit ‘ 
: tian per «er ove 
equenet deformation markit with tem 
perature as recorded f pure aluminum. The light lll 
: phe en vas found to occur as greatly enlarged PE 
mn which a new precipitate i : 
cont iit Phe appearance of the precipitate 
thy precipitate ‘ inistre ed alloy 
fort cor ted almost entirely of 


Similar inversions in the creep strength have been 
reported by other investigators 

Hardne in alloy 
vested that the time to maximum hardness was de- 
When the hardness 
creep strain, and not aging time 
level on creep stre 
hardness v strain 
train 


changes aged under stress sug 
increased stress 
jotted \ 

ct dependence of hardne 
ued. The maxima the 
curves appeared at the same value of the 
The room-temperature tensile flow stre 
or composition, but 


increased 
linearly with prior creep stres 
passed through a minimum with creep strain. For a 
fixed composition, the greater the creep stress, the 
higher the flow stre while the lower the creep 


temperature, the greater the increase in flow stre 
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Technical Note 


Investigation of the Nickel-Rich Portion of the System Ni-Zr 


by Emma Smith and R. W. Guard 


nickel-rich end of the 
been prompted by an interest 


of the 


Ni-Z! ystem ha 
in the effect of small amounts of zirconium in high 
temperature alloys. Hansen’ present 
diagram based on the work of Allibone and Syke 
who investigated the ystem up to 44 atomic pet 
(55 wt pet) Zr by metallographic means. Since the 
alloys they used were melted in Alundum crucible 
with appreciable 


a hypothetu al 


y were probably contaminated 
amounts of aluminum. They found two compound 
which they called Ni,Zr and N1,Z1 

Haye Roberson, and Paasche 
pound NiZr (50 atomic pet Zr) with a melting point 
of 1470 C. Such a high melting compound is not 
compatible with the observation of Allibone and 


identified a com- 


Sv ke that a eutectic is formed near 50 atomic pet 
The alloys containing up to 60 atomic pet Z1 
were melted in an inert atmosphere in a noncon 
umable electrode are furnace, Analysis of most of 
the y indicated negligible lo of zirconium 
The alloys were examined in the as-cast condition 
and also after annealing for 6 hr at 1175 C (or 
1000 C for the alloys between 25 atomic pet and 45 
utomic pet). Metallographic specimen 
ising mixture of HF-HNO,-H.O or 


were etched 


acetic acid 
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HNQO.-HO. The 


wrapped in molybdenum foil and sealed 


pecimens for the solidus determina 
tions were 
in evacuated quartz tube Specimens to be heated 
above 1300 C were enclosed in zirconia tubes in 
ide the 
denum, The 
by heating the 
for a few minute and then « 
metallographieally to determine at what 


quartz to prevent reaction with molyb 
olidus determinations were carried out 
pecimens at various temperature 
xumining the interiors 
tructure 
temperature melting began 

The 150 mesh powders for X-ray 
annealed in an evacuated quartz tube for 2 hr at 
40 C to remove cold work. Alloy 
ct Zr and 44.4 atomic pet Zr required annealing at 

C for complete recovery. The grains of both of 
these allo were soft and rather ductile both 
Debye-Seherrer film and pectromete: 


traces were made for each alloy using filtered cop 


analy 1 Wert 


with 22.5 atomu 


(00 


pattern 


per radiation 
Results and Discussion 

presence of a substantial amount of second 

in an alloy with 1.1 atomic pet Zr indicated 
iat the solid solubility of zirconium in nickel 1 
omewhat less than 1 atomic pet. The a, value for the 
matrix im the ame alloy wa 
olubility 
xpected 


face-centered-cubte 
equal to that of pure nickel © that the 
must be very small. Thi 
from the large atom size difference 


observation is as ¢ 

Annealed specimens of alloys with 15.0, 16.7, 22.5 
26.6, 44.4, and 50.4 atomic pet Zi 
tructures that were essentially single phase 


howed micro 


When 
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on the microstruc 

data indicate that 
half of the ystem 
and X-ray data the 


been identified as Ni.Z 


eal or 
compound ave tent 
(16.67 atom ; NiZr, (22.22 atomic pet Zr) 
2i itomie pet Zr), NiZr, (44.44 atomiu 
NiZr (50 atomic pet Zr) 

ictural Observations indicate that alloy 
atomic pet Zr and 10.1 atomic pet Zr he on 
between NiZr and 


pet “Zi and 


of the eutects 
relative amounts of 
wo alloy eutectic at 9.7 
The as-cast of alloys with 
and 44.4 atomic pet Zr show a 


alloys freezing through a peri 


Mie irement of the 
place the 


tructure 


A econd eutectic | observed in 
illo $44 atomic pet Zr and 40.8 atomic pet 
Z1. From the relative amounts in each the eutects 
point is caleulated to be 37 atomic pet Z1 

microstructural and X-ri 


The results of these 
ob vation coupled with determination of 


ind eutectic temperature vive the phase 
hown in Fig. 1. This diagram is different 
of Hansen neither the Ni,Z1 
und by Allibone and Syke although the 
of NiZr and NiZr, are close to the 
Zr and pectively Although 

and Pai found that NiZr had 

of 1470 Writel find one ot 
possib olve this dif 


pr ritecth 


diavram 


md contain 


Structure of Ni. Zr 
compound on the nickel-rich end of the 
Ni Zr. The d-value were obtained from 


Table | X Ray Powder Data for Ni Zr* 


Kelative 


both film pectromete method and it wa 


found that 
with a 


thre tructure ome 


compound was face-centered-cubi 


and Cul 


preview determined b Rundle, Snow 
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Inten ity aleulatior Vel fied that 


Fig. |—Tentative constitution diagram for the system Ni-Zr 
up to 50 atomic pct Zr showing the positions of the com 
pounds and solidus temperatures 


Fig. 2-—Crystal 
structure of the com 
pound NiZr unit 
cell having a face 
centered cubic 
structure with 

a 671A. Circle 
refers to zirconium, 
and cross, nickel 


tructure, containing four atom 


and 16 Ni 
has four zirconium at (0,0,0), four 
Fig. 2 


), where a O 625 


icture the di atom 


hgehtly 
thre 


tunce between 


jum atoms or other Ni,, atom 
the sum of the respective radi, while 
other atom ure 
It l po 
uming that 
to 


tweet! Ni, atoms an 


the im of the radu 

discrepancy by a 
Ni,, atoms have given sore their electron 
atoms. The values, together with the observed 
calculated 1 itie ure iven in Table I 
appear to 


the othe! compound 


tructure 
complex and were not determined, For this rea 
these com 


the formulae given previously for 


minds are not definite 
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Transformation Kinetics and Mechanical Properties 


Of Zr-Mo Alloys 


Alloys containing 1.3, 3.3, 5.4, and 7.5 pct Mo were prepared using high purity molyb 
denum and sponge zirconium. Time-temperature-transformation curves were established 
tor these alloys based on the resistivity vs time of anneal curves of tsothermally quenched 
rods. Tensile and impact bars of each alloy were heat treated by isothermal quench tech 
niques as well as by quench and reheat treatments. These bars were then machined, 
tested, and the properties compared. Optimum properties could be developed in the 1.3 pct 
Mo alloy using the isothermal quench technique. The 3.3, 5.4, and 7.5 pct Mo alloys ex 
hibited a brittle behavior irrespective of type of heat treatment. An . or transition phase 
in the ,j + « transformation was discovered which undoubtedly accounts for most of the 
brittleness observed. The .. phase has been tentatively indexed as tetragonal, c/a 1.45 
Mechanical properties of unalloyed sponge zirconium are presented for comparison. 


by R. F. Domagala, D. W. Levinson, and D. J. McPherson 


YOME of the result f ; yoeram de ned to the phases involved in this reaction are =? Be 
S tudy the kinetics of transformation and related pet Mo; a 0.18 pet Mo; and ZrMo,, 67.86 pet Mo 
mechanical properties of prototype Zr-X binary al Inasmuch as a lower purity sponge zirconium wa 
tematically are presented here. The object used in this work boundary placements were rein 
program was to provide a sound ba for a estigated with the le pure alloy 
approach to the realization of 


in binary zirconium allo Alloy ‘1 Materials and Procedures 


yeritectoid), and Z1 ilum-free sponge zirconium was used to pre 

isomorphous) wet wrepared and studied. Th | Ingo The are melted hardness of a small 
herein are confined to a pt ation of th f this zirconium was found to be Vpn 168 
of studying the eutectoid pro | analyses conducted at Armour Research 
Zr-Mo phase diagram has been determines ion al hown in Table I 


A definitive metallographic tudy of isothermally igh pul molybdenum sheet was used as the 
annealed sample prepared from hig puSs 2 ’ alloy addition. A typical analysis | hown in Table 
ments served to position a sluggish eutectoid re several 200-¢ Zr-50 pet Mo alloys were made by 


tion, 6 a ZrMo.,, at 780°C. The composition are meltin Crushed granules of this material were 


RF. DOMAGALA, Junior Member AIME, DW. LEVINSON, and d to ensure ingot homogeneity 
D. J. MCPHERSON, Member AIME, are Research Metallurgist Alloy ingots were prepared by double melting 
Supervisor, Nonferrous Research Section, and Assistant Manager hniqg wi three 5-Ilb ingots of each alloy 
Metals Research Dept, respectively, Armour Research Foundation of compo on were al melted in a nonconsumable 
Illinois Institute of Technology, Chicago re ‘ furnié After melting, the ingot 


TP 4495E. Manuscript, Sept 6, 1956 vere pround to remov urface defect A subse 
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Mo ( 
and 
data 


Table |. Summary of Chemical Analyses 


i" Other, Pet 


Material 


quent forging operation was performed to convert were sealed in evacuated Vycor bulbs for treatment 
the inpvots into | in. diam rod The forged rod lensile and impact blanks were heat treated afte! 
Nerve centeorte ound to eliminate urface con transformation kineti data were determined 
tamination. The bars were then threaded and tapped Standard '4 in. shoulder type tensile and V-notch 
: lo permit joining and remelting of each composition Chary mpact specimens were machined from heat 
into & single ingot by consumable electrode meltin treated blank in. round and In quare, re- 
technique Open anvil vere employed for all pectively 
forging operation ingot vere preheated ino an A Debye-Scherrer powder camera was used for 
electric furnace Furnace temperature employed the X-ray work performed in this program A mo- 
during forging ranged from 1040 C for sponge zi lybdenum target and a ZrO, filter were used. The 
: conium to a maximum of 1415 C for the Zr-5 pet operating voltage was 50 kv at 15 ma. Exposure 
Mio allo tire were 24 hr. The powder specimen, passed 
\iter the second melting operation, the large ingot through a 200 mesh sereen, was placed in a gla 
feach composition was forged to lin. diam. The rod capillary at the center of a 14 em diam camera 
4 im then cut into lengths to produce, on subsequent For metallographic study button heads of tested 
forpin an equal number of tensile and mpact tensile bat vere rough polished down to 0000 grit 
md sufficient number of transformation ilicon carbide paper. The samples were then elec 
tud pecimen For TTT chart work, rods were tropolished. A’ solution containing 59 pet methyl 
forped te diam and ground to 3/16 in; for ter ieohol, 35 pet butyl cellusolve, and 6 pet perchloric 
2 ile bars a in. diam rod was formed; for tmnpact acid was used. Current densities of ~1 amp per sq 
4 pecimens the stock was forged in % in. sq in. were maintained for 30 sec Finally, the sample 
PTT charts were determined principally by re vere etched with a solution of 10 to 20 pet HNO 
‘ tometric technique It has been demonstrated with ind 10 to 20 pet HF in glycerine 
titanium alle that decomposition of the # phase 
with chance in recistivit Results and Discussion 
- Ky following these changes in a plot of re tivit Pure rceonium, as well as zirconium alloys with 
tine of anneal for pecimen isothermal! all alloy additions, may transform, on quenching 
quenched trom the # field, a TTT diagram can be from the high temperature 8 phase (body-centered 
constructed much evaluation of re ! ! data cubic) to the low temperature a pha e( hexagonal- 
3 must intially be verified by metallographic check close-packed) with extreme rapidity. In zirconiun 
7 A TTT chart may then be constructed more rapidl allo when a needle-like martensitic configuration 
3 and often more aceurately than b metullovraphu eccul the term «a is used to describe the transfor- 
; meuns alone This is true since it is usual fifficult mation structure With increasing alloy content the 
4 to position the completion of a reaction | metal t h temperature 8 phase may finally be retained on 
lopraph and iti ometimes unpossible to interpret quenching from above the 8 boundary. When 
7 troucture cleve loped on annealin at low tempera uch retained £ tructure ure ub eque ntly re 
: ture heated or transformed b tep-quenching below the 
Phe procedure followed in this phase of work wa B/a 8 boundat equilibrium phases are formed 
us follow which may be « or « plus another phase (compound 
1) Hold alloy rods (*% in. x S's to 4 in.) in tield und/or 
(975 to 1000°C) for 15 to 30 min In view of the impurity content of sponge zi 
2) Isothermally quench specimen to some lowe conium and its possible influence on mechanical 
+ temperature, hold for a given length of time, and property au heat treatment vs propert tudy for 
7 then rapidly water quench inulloyed sponge zirconium was made. Tensile and 
‘ Measure esistivil tundard current mpact properti were obtained for material proc- 
; potential method after removin livhthy contami essed in an identical manner to the alloy ingot 
: nated surface layer A sponge zirconium ingot was prepared by melting 
1) Remove small shee of rod fror me end and n the nonconsumable electrode furnace. The ingot 
: ubmit for metallographic stud vas fe ed directly into stock for tensile and impact 
7 ») Return rod to beta ng furnace and proceed blank 
; avain from No. 1, but continually lengthen time at Chemical analyses of the forged rod are shown in 
the transformation temperature lable I Mechanical property data for the ponge 
7 When specimens for the kinetu tudy had to be rconium are shown in Table Il. Some variation 
; othermally transformed at rather high tempera n tensile properties, impact strength, and hardne 
ture and/or for longs per od of time these rod Wa observed A enerally ductile condition wa 
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Analysis 
y 
Mo 
1.3 
‘ 4 
i elted if ed i 


preserved, however, regardle of treatment. The 
900°C level at which some of the specimens were 
treated represents a point in the a 8 field for 
ponge zirconium. The a-* 8 transformation tem- 
perature for pure zirconium is given as ~865°C. A 
metallographic tudy of lice of the forged rod 
which were annealed at temperatures between 700 


Table I1. Mechanical Property Data for Sponge Zirconium 


Keduc 
Itimate tien 
Tensile in Impact 
strength Area, Strength Vpn 
Treatment Psi Pet ft-lb 


Fig. | —Resistivity data for Zr 54 pet Mo alloy 


of the finene of the decomposition product At 
temperatures from 650°C and up it was possible to 
contirm the initial drop in resistance as comeiding 
with the formation of discrete a particle The see 
ond drop in the curve occurred when a more com 


plex microstructure (eutectoid decomposition) de 
Ve loped 

Combined techniques were used to establish the 
VM, temperature for the 1.3 pet Mo composition. The 
method is essentially a modification of the Grenin 
er-Trotano technique for steel. Resistivity rod 


pecimen varied from a martensitic (a’) type / 
were quenched from 1000°C to incremental temper 


and 1025 C showed ransformation range 
extend from ~975 


The microstructural appearance » ten 


tructure to a coarse « configuration, depending on 


the annealing treatment. The «’ structure provided 


the strongest condition 

Zr-Mo alloys nominally containing 1, 3, 5, and 7 
pet Mo based on sponge zirconium were prepared 
and tested. Analytical data are iven in Table |] Gietonate 
Time-temperature-transformation curve were Tensile Impact 


Strength, gation Strength Vpe 
drawn for these alloy Resistivity curve for ise Treatment Pai Pet hitb Ke 


Table Ill Mechanical Property Data for Zr-1.3 Pet Mo Alloy 


thermally quenched rods were used as the principal 
tool for TTT chart construction Due to finene of oo \ 140,000 


most of the phase formed during the tsothermal 
transformations, and because of the pre 

fine dispersion of the unidentified impuri 

the resistivity data proved more reliable 

allography in establishing initiation a 


pletion of decomposition. Much impurity phi 


observed in most zirconium and = zirconiun 
tructure Metallographic interpretation of 
tures was very difficult becau it, espec 
in case where intimate transformation conf 
tions occurred 

Annealing treatments were conducted 
portions of the four Zr-Mo alloys and po 
15 pet Mo (hypereutectoid) button in 
the eutectoid point for the 


placement of the eutectoid po 


and 850 C was made 
ciated that a three phase 


(because impuriti are pre 


figure given is a simplification 
Ituation i between 400° and 575 C, held for 10 and 
Typical resistivity ut LOW ! quenched to 600°C, held for 1 min, and 
The complet ry for all alle mi } vi r quenched, § ‘ hice were submitted for 
found in ref d re; . i Nographi tudy and the resistance of each rod 
companied the initial 1 y TI orn ol as i ately measured. The resistivity vs tem 
of eutectoid also was; ipa dbyvad ded droy | ‘ ) j a discontinuity between 525 
in resistivit When an incubation period 4 Le in ‘ From plot, the M, temperature wa 
the formation of eutectoid, a plate: ‘ d y! ! i Within the discontinuity and wa 
in the resistivity v in Vii 0 A ition i 55°C. A metallographic tudy of 
possible to corroborate reti f 1} i esistivity bars was conducted. Speci 


istivity data accurate] r" le aph au nen y quenched to 550°C and higher were 
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though it must be appre erat indicated tne na wares 
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{4 field exist ‘ licuted tinne nd water quenched 


TTT chart for Zr 13 pet Mo alloy 


ductility level 
attained For exampl a specimen isothe: 

suenched to 600 C and held for 1500 min 
ded «a specimen with ultimate tensile strength 
106,000 p 17 pet elongation, and 40 pet reduc- 
area. When water quenched from the £ field 


equently reheated to 600 C for 1500 min, a 


e bar of th ame alloy failed in a brittle man- 
Vicrostructures of the 600 C, 1500 min sam 
e shown in F 6 and 7. The former ha 
‘ while the latter is martensitic. Exception 
behavior were found when specimens were 


i prolonged anneals following the initial quench 
orrelation between hardne and strength wa 
nd for th alloy which 1 hown in Fig. & 

lechanical property data for the 3.3, 5.4, and 7.5 
Vio alloys are summarized in Tables IV, V, and 
espectively. The result hown represent only 


an identification of the 


isothermal quench technique 


ected to quene hy 


Table V. Mechanical Property Data for Zr 5.4 Pct Mo Alloy 


Keduc 
itimmate tien 
Tensile bien in Impact 
strength gation, Area, Strength Vpn 
catment rei Pet Vet Ke 


on of all data collected. For a complete record 


treatments and properties for these alloy en 
tand 5 These allo exhibited a brittle be 
for all but a very few conditions of heat 


reatment 

increase in reaction rate below C wa 
and hown on the TTT charts for these al 
such behavior in the case of titanium alloy 


‘ 
\ 


mechanical properts 


thermal quench 
quench and reheat 


water quenched from ; 
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been attributed to the formation of » phase 


beleved to be a transition pha e interme 


Fig. 3—TTT chart for Zr 3.3 pct Mo alloy 
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| 
ind 
ten 
/ / ner 
: | 
ple 
ve 
VI 
relatively free of a’ needle while those which were 
quenched to 525 CC and below were predominantly 
a’. The TTT charts for the four alloys are shown in eee 
Figs. 2to 5 
tion) phase in the #-* « transformation was made 
; late in the work. Before this fact was established a - 
heat treatment vs propert tud was initiated 
Using the transformation curves as a guide, mechan 123 
ical test blan| of the four alloy were heat treat > 
‘ C7 7 Oo 244 
of transfor ind tested Othe: > ; 134 
i ( 149 
179 
Table 1V Mechanical Property Data for Zr 3.3 Pet Mo Alloy 14 4 
400° 145 
tion 
Tensile in Impact 
strength gation Area, Strength Vpn tment 97 t t st ther 
Treatment re et et Ke te t ‘ held f licated ‘ nd water 
4.000 ‘ 4 
oc. On 000 
ooo 
aon of al 
44 006 
ia haa 
14 
bs 
ts of 975" th juenched - 
‘ ‘ ‘ ke ‘ ve 
' heat treatments and varied cools from 4 so that the 
property cle veloped b the different methods could 
bn compared 
The data for the 1.3 pet Mo : 
7 alloy are shown in Table IIL This alloy exhibited d 
brittle behavior when water q inched fron the 
8 field. The biggest improvement in relieving thi . “ 
condition was found on isothermally transformu 
: at about the nose of the curve In veneral. the iso 
R chnique proved superior to the 
treatment n relieving the brit , 
tle « alloy. When a tensile blank 
‘ 
4 


diate in the transformation of 8 to a. It is found 
only in certain alloy compositions and forms ove 
peciic temperature ranges or cooling conditions 
d brittle condition is associated with the exist 
ence of this phase 

The X-ray study performed to help identify the 


existence of w» phase in the Zr-Mo alloys was pat- 


Table Vi. Mechanical Property Data for Zr-7.5 Mo Alloy 


KReduc 
Itimate tion 
Tensile in Impact 
Strength, gation, Area, Strength, Vpn 
Treatment Psi Pet Pet ft-lb Ke 


135.000 
146.000 
#2. 000 
3,000 
7,000 
8,000 
8,000 
149.000 
160,500 


126.000 


terned after a similar program with titanium alloys 
The term » and other nomenclature regarding the 
transition phase have been drawn from those al 
ready established for titanium alloy 

From the water quenched impact bar of the 5.4 
pet Mo alloy, prepared for 
tudy. This material was divided into five small 
Vycor bulbs which were evacuated and sealed. The 
bulbs were held at 1000°C for 5 min and wate 
quenched without breaking the bulb One bulb 
was kept in this condition and others were reheated 
to 400 C for times from 2 min to one week and wate1 
quenched (bulb not broken) at the conclusion of the 
X-ray powder photograms were prepared 
were measured and the A-Zr (body 
identified and eliminated. A 


a quantity of powder wa 


anneal 

The pattern 
centered-cubic) line 
trong pattern of A-Zr wa 
to diminish in intensity with increased annealing 
times at 400°C. The lines which remained in each 
hown in Table VII 
Average d value 
made to index the 


pre ent, which eemed 


pattern are A recurring set of 
lines is evident 
for each line and an attempt wa 
Too few lines were present for a positive 


were calculated 


tructure 


identification, but a rather good fit was made for a 


Fig. 4—TTT chart for Zr-5.4 pet Mo alloy 
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Fig 5—TTT chart for Zr-7.5 pct Mo alloy 


tructure, c/a 1.45, a 440A. In no 
corresponding to a a-Z1 


tetragonal 
pattern were any line 
(hexagonal-close-packed) observed 

It seems clear that there is a transition phase 
(tentatively tetragonal in structure) in the #-* a 
transformation in the Zr-5 pet Mo alloy, This tran 
ition phase undoubtedly accounts in part for the 
brittleness observed. Because of the wide 
the project under which this work wa 
it was never intended to study thi 
haustively. It is hoped that some ground work ha 
been laid for a definitive study of » or transition 


scope of 
performed, 
phenomenon ex 


phase in zirconium alloy 
A few tensile blanks of the 3.3 and 5.4 pet Mo 
alloys were given prolonged treatments aimed at 


Table Vil. Summary of d Values for Transition Phase (1+) Lines 
Observed in Zr 5.4 Pct Mo Alloy 


¢ 
Water 4 ! 
Qhucnched Min itr Thay 


110 oF 002 


106 or 441 
226 
21 


mes indicated 


yood fit to tetragonal 


producing Ie brittle conditions. The brittle condi 
tion generally persisted, however, In only a few 
cases was any ductility shown 

Fig. 9 is a microstructure observed for the Zr-3.4 
pet Mo alloy after 4280 min (71 hr) at 650 ci sae 
represents a completely decomposed condition and 
is one of the few cases where any ductility was ob 
erved for this alloy 

Hardne data only were gathered for the 3.3 and 
14 pet Mo alloys in several instances to note wheth- 
oftening would occur after prolonged heat 
to 600°C) temperature: 


er any 
treatments at low (400 

For the 3.3 pet Mo alloy, very long annealing 
times of the order of one to two weeks at these tem- 
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O00 » 0 0 +0 299 
1000 ahr Fe 0 2.0 a9 
750°¢ 10 mir 0 0 15 291 
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600°C 320 mir 0 0 1.5 428 ‘ 
1 650 1000 0 0 10 265 
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140 0 0 15 161 
A 400°C, 5 mit a 0 0 15 405 
A treat ent cor t hi isother il quenched to 
te i ture heid f ndicated time ind water quenched 
Ter ‘ en broke sutside page ark ind into several 
piece 
Aver 
Week ane 
242 2297 2.41 2 21% 2.400 112 
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1 wou 211 
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Fig. 6—Micrograph 
of a Zr-1.3 pet Mo 
alloy; 1000°C, 
hr -» 600°C, 1500 
min water 
quenched Specimen 
has coarse « 

ZrMo, structure 
Compare with Fig. 7 
X250. Reduced ap 
proximately 15 pct 
for reproduction 


Fig. 7—Microstruc 
ture of Zr-1.3 pet 
Mo alloy; 1000°C, 
i, he woter 
quenched, 600°C, 
1500 min 
quenched Specimen 
has a tempered 
martensite structure 
Compare with Fig 6 
X250. Reduced ap 
proximately 15 pet 
for reproduction 


* woter 


Fig 8—Correlation 
between hardness 
and strength tor 
Zr.1.3 pet Mo alloy 


) 
ri ’ > 


Fig. 9—Micrograph 
of Zr 3.3 pct Mo 
alloy; 975°C, 34 he 
+ 650°C, 4280 min 
» water quenched 
Specimen has a 
completely decom 
posed structure, 


| ZrMo 
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peratures would probably little 


ment in ductility 


provide improve- 

In the case of the 5.4 pet Mo composition, anneals 
at 400°C only served to make the alloy harder and 
presumably more brittle. Little change in hardness 
occurred after one to two weeks at 500°C. After 
one and two weeks at 600°C a significant hardne 
found, and here some slight rehef 
the brittle condition might be anticipated 

It should be noted 
experienced in processing the ingot 


drop Wa from 


that no oxygen pickup wa 
Neverthele 

have contributed to the brittle condi- 
amounts of ZrMo 
ible to distinguish the com- 
of w, oxygen, and ZrMo 


oxyren may 
tion. Increasing 
also a factor. It is impo 
bined or overlapping effect 


probably Wa 


Summary 


Time-temperature-transformation curve have 
been established for sponge base zirconium alloy 
containing 1.3, 3.3, 5.4, and 7.5 pet Mo. These 
ponding to 

about 600 to 

with in- 
content Resistivity as a 


pro- 


toty pe eutectoid alloy have noses corre 


the initiation of transformation at 


650 °C which are moved to longer time 
creasing molybdenum 
function of transformation was the 
employed in this work 


Mechanical properties as a function of degree of 


principal tool 


transformation were determined for the alloy Iso- 
thermal quench techniques provided optimum prop- 
erties in the 1.3 pet Mo alloy. The other three 
alloy exhibited a brittle behavior irre- 
The brittle nature has 
ociated with the formation of » or transition 


generally 
pective of heat treatment 
been a 
pha 
pha e ha 
c/a 1.45 


in the transformation. This transition 


tentatively been indexed as tetragonal 
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Copper-Silica and Copper-Alumina Alloys 


Of High Temperature Interest 


Utilizing relatively coarse copper powders and several sizes of silica and alumina 


powders, alloys containing up to 10 volume pct of oxide were made 


The alloys were 


prepared by mechanical mixing of powders, followed by cold hydrostatic pressing, sin 
tering, and hot extrusion. Measurements were made of room temperature tensile prop 
erties, recrystallization temperature, creep rupture properties from 250° to 450°C, and 


resistivity 


In addition, metallographic studies were made of the resultant structures 


Of particular interest was the stability of the structure with respect to temperature, 


time, and stress. 


by Klaus M. Zwilsky and Nicholas J. Grant 


E VER since the unusual high temperature creep 
or tructure stability of SAP (Sin 
imilar aluminum 


istance and 

tered Aluminum Powder) and 
alumina alloys were reported there has been a 
need to determine whether other metal-metal oxide 
(or other hard stable particle) alloys, not so ideal 
us the Al-ALO, system, would show similar high 
temperature strength and stability. Of the 
possible methods of obtaining a metal-metal oxide 
alloy, one that offer 
al advantages is the simple mechanical blending 

al powders with hard stable 

and hot extrudin 


many 


many practical and theo 


particle fol 
lowed by pressing intering 
With thi purpose 


thea and alumina were 


in mind copper powder and 
elected for experimenta 
tion because these materials are readily available 
cheap, reliable, and lend themselves to the simplest 
processing and testing 

Starting Materials——Two sizes of electrolytically 
deposited copper powder 200 mesh 
powder referred to as A powder in this investigation 


were used, a 
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Assistant and Professor, respectively, Dept. of Metallurgy, Massa 
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and a 325 mesh powder referred to as C powder 
Silica was added in the form of pure Potter’s flint 
from which a 10y fraction had been separated 
Alumina of the « variety was used in two size 


first was a 10yu fraction separated 


range The 
from a coarser aggrepate, the second a commercial 


product of O diam manufactured by 
Linde Air Product 

Preparation of Powders Five-hundred 
batches of A copper with 1, 3, and 10 volume pet 


of each of the three oxide 


mentioned above were 
prepared, as well as C copper containing 1, 3, and 10 
volume pet of 10u sihea. Powders were weighed 
out carefully and blended by 
24 hi treatment resulted in 
dation of the copper, the charge wa 
duced at 260 C for 5 hr. The next 
of hydrostatically 

hape suitable for the required hot working. For 
about ino in diam and 4% In 


ball mulling in air for 
since thi urface oxi 
hydrogen re 
tep consisted 


compacting the powder into a 


this purpose a slug 
produced by placing the mixed pow 
holding in a perforated 


in length wa 
ders into a rubber sleeve 

toppering at the end 
ubjected to a hydrostatu 


teel canister, and rubber 
the assembly was then 

pressure of 50,000 psi. The air wa 
the a 


evacuated from 


embly prior to pressing in order to prevent 
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Fiq | Rockwell E hardness vs annealing temperature for 
200 mesh copper containing 0 to 10 pet 10. alumina, 
after 50 pet cold work and | hr annealing at indicated tem 


perature 


This method 
yreen strength 
dled eudil inter 
froven for 1 hr at 500° and for 2 
of 2 to 4 pet was ob 
du ind a theoretical density 
Ni The compacts contain 
heathed in copper, the void 
and the container 
us to pre 


Table | Mechanical Properties at Room Temperature tor 
As Extruded and Annealed at 400°C Conditions 


Vield 
strength Keduc 
titimate Elen tien in 
Strength. gation \rea 
Material endition et, st Wet Vet 


ing treatment 

that oxidation 

at the urface, 

lan anticipated, a 

ibsequent co fainin alumina 
diunthea red condition 

um densification and a good di per 

proper hot working 

were hot extruded 

f 0.300 or 0.375 in. The 

not known. Therefore, 

tudied: namely, 14, 


hon were obtained in 


Results 
Densities \ of the extruded products except 
had theor ities of 99 pet or 
1 copper plus 10 vol 
10 vol 
a theo 


1198 JOURNAL OF METALS, OCTOBER 1957 


Fig. 2—Rockwell E hardness vs annealing temperature for 

200 mesh copper containing 0 to 10 pet 034 alumina, 
after 50 pet cold work and | hr annealing at indicated tem 
perature 


retical density of 96; the latter, 97.8 pet. Accuracy 
was within +1 pet 
Recrystallization—Three-eighth in. samples were 
cut from the extruded rods and cold swaged 50 pct 
reduction in area. Rockwell E hardness was meas- 
ured after each specimen had been annealed for 1 
hr at various temperatures. Figs. 1 and 2 represent 
the results graphically. Fig. 1 shows the results for 
the alloys containing —10y alumina additions, but | 
representative of the alloys containing —10y silica 
additions to A and C copper. The 0 pet addition 
curve was obtained from measurements on ‘%% In 
diam copper powder slugs, *& in. in length, which 
had been compacted, sintered (but not extruded), 
cold worked, and annealed. It can be noted in Fig 
| that 1 and 3 pet additions raise the recrystalliza- 
tion temperature about 50°C, while a 10 pet addi- 
tion raises it by approximately 100°C. Of particular 
nterest is the higher retained hardne after re- 
crystallization which increases with increasing per- 
centage of oxide. Fig. 2 presents the data for A cop 
per and additions of 03,4 alumina. It can be seen 
that a 10 pet addition prohibits recrystallization 


Table Hl. Stress for 10, 100, and 1000 Hr Rupture Life and 
Interpolated Ductility Values at 250°, 350°, and 450°C 


Flenga 
tien tion, tien 
Material Pet ioe Hr Pet loo He Pet 


completely in terms of the usual hardne vs tem- 
perature curve, and only a slow softening is ob- 
erved, becoming slightly more pronounced beyond 
600 C. Even at 1000°C, 83° below the melting point 


of copper, considerable hardness is retained by this 


alloy 

Tensile Data—-Threaded test bars having a 1 in 
gage length by 0.160 in. diam were machined from 
the extruded bar Tests were made in the as-ea 
truded condition and after a 1 hr anneal in vacuum 
at 400 C. For comparison purposes tests were run 
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Fig. 3—Longitudinal section of 200 mesh copper plus 10 
volume pct of 0.34 alumina (29A AI-10 fine). Section as 
extruded. Etched with K.CrO. X500. Reduced approximately 
10 pct for reproduction 


alloy, which had 
than 50 pet reduction in area by 
Table I summa- 
trength (0.2 pet 


and 


on a vacuum melted coppet been 


cold worked 


more 
the desired 
data, giving 
trength 


diameter 
vield 


elongation 


Waving to 
the 


oft et) 


tensile 


rize 
ultimate reduction 
noted in Table I is that 
in the yield 


with a much 


most striking feature 
with annealing 
tensile strength 
change in ductility. The 
exhibit yield strengths after a 400 C 
70 to 99 pet of the or 
the 
howeve! 
which 1 
worked 


and le 


not the along 
e powder product 
il which are 
iginal a ertruded ield 
vacuum melted = cold 
the yield strength de 
only about 23 pet of the 
after a l hr anneal at 
third that of the better 
ice after a 1 hr anneal at 
to the SAP-type Al-ALO 


tation of extreme structure 


anne 
from 
trength 


worked 


value For 
coppel 
creased to “a value 


original cold value 


250° C than one 
metal ox 
Similar 


a manife 


metal product 
100 
this 
with 

The 
can be 
the 


and 


product 
tability 
pect to temperature 

allo with 10y 
compared 

xide is the more 

high yield 


microstructure 


alumina addition 
tablished that 
in achieving 
value A com- 
hows that the fine 
effectively for strengthen 
ide Fig and 4 present 
alloy with fine 


and O 
It can be « 
effective 


finer o one 


retaining trength 
parison of the 
oxide } di pel ed 
rn than the 


longitudinal view of 


more 
coarser 
and coarse 
itlumina addition 
It is difficult 
10u additions of silica and 
different extru 
and 10 volume alloys of the 
large diffe yield strength 
ng a product two or three 
alumina, see Table I. It 
ively whether thi 
oxide chemistry, of the shape 
added, of the hot working 


directly the alloy 
those with 


with 
alumina 
The 3 


how a 


to compare 


ince they have ion ratio 


pet two oxide 
the 


trong a 
tated 


rence in value ihica 
thie 
conclu 


the 


oxide 


time 
cannot be 
difference is a function of 


of the Dp 


treatment, or of 


imticular 

a differ 
ence in oxide dispersion 
and ductility 

vere ver Imilar to tho ! 

fore hav 

pointed out, however hat in 

roducts tested 


ded wh 


for addition 
included 
all 
value 

reco! 


ductility were 
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Fig 4—Longitudinal section of —200 mesh copper plus 10 
volume pct — 10. alumina (29A Al-10) Section as extruded 
Etched with X500 
for reproduction 


Reduced approximately 10 pct 


from an engineering point of view for any future 


appheation of these wrought powder alloy product 
Table I 
Stress Rupture Testing 


the constant 


Stre 


Wort 


rupture test of 
the 
tensile test 
and an 
to test 
rupture life 


load variety run ou 
for the 
brought up to temperature 
at the te 
typical log stre low 
three allo 


vacuum melted 


type of specimen as was u ed 
Specimens were 
nealed for 1 hi 
Fig. 5 


250 


t temperature prio 
how 
and 350 C for 

data for the 
copper, which 1 

Table Il 
by showing the stre 
in 10, 100 1000 hr at 
along with interpolated ductility 
alloys in Fig. 5 include 21A Si-3 
Al-10 fine.” It can be that at 


data at 
clude 


and also in 
cold 


comparison 


worked 
hown for 
the 


ary 


pure pul 


pose ummarize creep rupture data 
to produce rupture 
and everal test temperature 
The oxide 
and 29A 


the 


value 
14C Si-3 
250°C 


een 


3 pet 


thea (21, is the 
hort rupture 
However, 

in the 


most ef 

life 
after 
log 


in increasing the stre 
that of 
there 


addition of 
fective for 
value over 
50 hr 


log curve 


pure 
instability 
ach which a 
with reerystallization, see Figs. 7 to 9 
150 hr the 29A AI-10 allo 
hows the best properts exhibiting a 
to longer than 1000 hr 
550 C it will be noted that 
tronger for hort 


Coppel 
an break 


about 
for ¢ ociated 
jeyond about 
(OS alumina) 


flat stable 


firve 


urve 


the two Cu-SiQ) 


rupture live 


Fig 5—-Log stress vs log rupture of pure 


three alloys at 250° and 350°C 


copper and 
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* The nurmbe 21, 14 ned 29 to the extrusion rath A oe 
inte the i fine {te the pet number, in wt ! 
of 


Fig 6 Log stress vs log rupture life of pure copper at 250° 
and 350°C and 29A Al10 fine at 250°, 350°, and 450°C 


veaken rapidly and show no superiority over pure 


coppe Which has reerystallized to a rather coarse 
rain size The 29A Al-10 fine alloy remains stable. 
is Indicated by the flat slope of the curve, out to 
beyond LOOO hy 
ince the alloy containing fine alumina exhibited 


uch superior properties at 350°, tests were also run 
on this material at 450 C, and values are plotted in 
hig 6. It will be noted that alloy 29A AI-10 fine at 
10) is stronver than pure copper at 350°C for rup 


tlre: tine reuter than O.1 hr. and i tronyver at 


oO) than pure copper at 250°C for rupture time 
heater than about 200 hr. Even at 450°C, this alloy 


how thre anny table flat slope as at 250° and 

Table I] shows the same strikin uperiority for 
the copper plus fine alumina alloys that has already 
been exhibited in Fig » and 6. While the silica al 
le Hive the best values at lower temperatures and 
horter rupture live the fine alumina products can 
Ustain twice the stre that pure copper can for a 
LOOO bit ipture life at 250), and from three to fou 


re thre tre of pure copper for a 1000 hr rup 


it 350 C. It interesting to observe that 
for the coarser thea additions the rupture life 
ulues decrease with inereasing percentages of ox 


de us exemplified t the 21A Si-3 and 14A Si-10 


t 


Fig 7--Transcrystalline tracture of 200 mesh copper plus 
10 pet 03, alumina (29A AI10 fine) Test temperature 
450°C. stress, 13,500 psi, life, 735 hr Etched with K Cr O 
X500 Reduced approximately 10 pet for reproduction 
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product At 250°C, for instance, the stre for a 
100 hr rupture life for the 3 pet addition is 22,000 
psi, While for the 10 pet addition it is 14,000 psi. For 
the products containing fine alumina, however, the 
reverse is indicated, the strength of the alloy in- 
creasing with increasing amounts of oxide added 
These results may well be a function of the dis- 
tribution of oxide in the matrix metal. Coarser 
oxides, differing in diameter from the metal pow- 
der by only five to ten times, appear to strengthen 
the matrix by local straining action. At the highe1 


percentages of coarse oxide additions segregation 
will result in increased crack formation, thus weak- 
ening the metal. The finer oxides, on the other 


hand, varying in diameter from the metal powder 
by 100 to 200 times, seem to group themselves 
around the metal grains more ideally, which may 
be more effective in preventing recrystallization and 
“rain growth than the more randomly dispersed 
coarser particle 

Fig. 7 shows a typical fracture for 29A Al-10 fine 
after testing at 450°C and 13,500 psi. Note the 
elongated fibrous appearing fracture which suggest 
that it is a transerystalline failure. By comparison, 
Figs. 8 and 9 show both recrystallized structures and 
definite intererystalline fractures, typical of all the 
other fractures noted at high temperatures or low 
tresses, that is, beyond the noted instability breaks 
in Fig. 5 

In line with the stable flat slopes noted in Figs 
» and 6, these alloys showed large decreases in sec- 
ondary creep rate over that of pure copper. Fig. 10 
hows typical curves for several of the alloys at 
$90 °C at 15,000 and 17,000 psi. Compared to pure 
copper, with a minimum creep rate of 100 pet per 
hr, alloy 29A Al-10 fine had a creep rate of 0.0086 
pet per hr, an improvement of 11,000 times 

Resistivity—-So far resistivity has only been 
measured for the silica containing alloy Room 
temperature values indicated an increase of 6 to 24 
pet over pure copper for 3 pet additions of. silica, 
the particular value apparently depending on the 
extrusion ratio, and an increase of 30 pet over pure 
copper for a 10 pet addition of silica 

Modulus Measurements —Modulus measurement 
howed an increase of up to 3 million psi over pure 


Fig. 8—Intercrystalline fracture of vacuum melted cold 
worked copper. Test temperature, 350°C; stress, 4900 psi; 
life, 342 hr Etched with K.Cr.O.. X500. Reduced approxi 
mately 10 pct for reproduction 
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| 
| 


copper for 3 pet additions of 10, silica or alumina 


A decrease of up to 2 million psi was recorded for 
10 pet additions of the 104 oxides. Three and 10 
pet additions of the 0.34 alumina decreased the 
from 16 million psi for pure copper to 
le than 12 million psi. One pect additions in all 
cases were mildly beneficial, increasing the modulus 


modulu 


to 17.5 million psi 


Discussion and Summary 


There is a significant increase in recrystallization 
temperature of the Cu-SiO, and Cu-Al.O, alloy 
the increase being larger with increasing amounts of 
oxide and with increasing fineness of oxide. In the 
best alloy produced in this program (29A AI-10 
ign of recrystallization, as mea 
hape of the hardness vs temperature 
curve, up to about 80°C below the melting point of 
pure coppet! 

The increase in recrystallization temperature ts 
also manifested in the retention of yield strength 
after an anneal of 1 hr at 400°C for these alloys 
Cold worked pure copper, on the other hand, softens 
completely at about 200°C. Of interest is the change 
in yield strength of these alloys without a signifi- 
cant change in the ultimate tensile strength 

Probably the most important data are found in 
the creep rupture tests. Whereas most of the oxide 
containing alloys which were tested at 250°C 
howed the desirable flat slopes which indicate 
stability, see Fig. 5, the 
which were of coarse size, did not 


fine), there is no 
ured by the 


time-temperature-stress 
additions, 
ustain this slope out to long times and a break re 
ulted in the curves, indicating a structure insta- 
bility (probably recrystallization). The alloy with 
03» ALO, (29A Al-10 fine), on the other hand 
howed the desired stability and strength up to 
150 C and up to 1000 hr, see Fig. 6. The measured 
high recrystallization temperature, see Fig. 2, and 
the apparently transcrystalline fracture at 450°C 
both attest to the desirable properties. The flatness 
of slope noted in Fig. 6 over the entire test tempera- 
ture range for this alloy clearly demonstrates that 
the mechanical mixing of metal and oxide powder 


Intercrystalline fracture of —200 mesh copper plus 

10. silica (14A $i-3). Test temperature, 250°C; 
stress, 12,000 psi, life, 2218 hr. Etched with K.CrO 500 
Reduced approximately 10 pct for reproduction 
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Fig. 10—Creep curves at 350°C and 15,000 psi, 
for the 29A Al.10 tine at 17,000 ps: 


intering, and extrusion, 
imilar to those 


followed by compaction, 
can produce alloys with propertie: 
of the SAP-type Al-AL,O, alloy 

The major problem encountered in this program 
was the inability in these early trials to attain uni- 
form mixing of metal and oxide. This ts clearly 
illustrated in Figs. 3, 4, and 7. Yet, in spite of thi: 
difficulty, alloys were produced which showed use- 
ful high temperature strength and unusual stability 
on exposure to temperature and stress for long 
periods of time 

The role of extrusion and the extrusion ratio 
could not be accurately determined either on the 
trength and ductility values or on the oxide distri 
bution 

Whereas it has been postulated that a very fine 
metal powder must be used to achieve high tem- 
trength, the present work indicates that 
tability can be 


perature 
large increase in strength and 


metalle powder 


achieved with relatively coarse 
uch a 200 mesh copper 

The peculiar and unexplainable modulus of ela 
ticity results must await more careful and extensive 
investigation to determine the role of the many 
variables involved on the elastic properties and be 


havior of the metal-metal oxide alloy 
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Technical Note 


transformations in Cu-Al alloy 


tudied b (sreninger and othe: 

est it Lecordin to Greninger, the parent 

pl ; im ordered body-centered-cubs. tructure 
ryt ned tre fi phase by ippre inv’ the eutectoid 
decomposition, transtorm into an ordered hexa 
packed phase In Composition contain 


129 to 14.7 pet Al. The M 


aluminum content: for the 


temperature de 


‘ contains 14.5 pet Al, for example the 
transformation occurs below room tempera 

! lore recentl Kurjyumow tudied the tran 
lormution in #& Cu-Al allo With the addition of 
iH “| t stimulated new interest in the 

ibjeet due to the observation of completely rever 
ble transtormation without hystere in the tran 
mation temperature ranging from 10° to —-10°C 
I the present paper some characteristi are de 
the transformation of Cu-Al-Ni alloy 
tudied by 


Kurjyumow 


Experimental Procedure 

aluminum 
ised in th 
technique, of single 


ty Coppel and 


(99 949 pet) and 


(99.999 pet) 
lectrolytic nickel were 


paratior the Bridvman 


i pecimer Which contained aluminum and 
ke ft 145 and O5 to 3.0 pet respectively 
biel Were prepared mechanically 
ere then chemically etched to remove 


! material, homovenized at 1000 C for ey 
Pyevte md quenched drastically to room tem 

yee i 10 pet NaOH bath to produce the 

purent phise The transformation wa tudied 
le microscope and, in some cause recorded b 

means Of motion preture \ device imilar to that 

le ned | CGareninger and Mooruadiar vus used to 

cooland reheat the specimen 
Results and Discussion 

Whom the pecimmen were cooled below room 

attire the to transformation began at 
10 ¢ vith the appearance of erystals in rehet 
I lu As the specimen temperature dropped fur 
ther, the transformation continued, either by the 
rowth of the erystal vith the #@ intertace 
! the pha ‘ le and ld, or by the 


formation of crystal lb. A a conse 
banded tructure 


“a common feature of the low 


quence of the former proce 


observed a tempera 


tire pl i Vecordin to the theory of the formatior 
of miuttensite Wechsler Lieberman, and Read 
the bands of phase are p obably twin-related, a 


diflustonle phase change of In-Tl 
lt but th Wil not revealed by X-ray tech 
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Some Characteristics of the Martensite Transformation 


Of Cu-Al-Ni Alloys 


by C. W. Chen 


form, often 
during the 


then grew 


needle 
bund 
acicular crystal 


and in width, see Fig 


New y crystals, in 

uddenly acro thie 
transformation. These 
both in length 
The transformation on cooling | 

ao 

Upon heating, the reverse trar 
Oppo 
on cooling, and completed at 35 C 
in the 


nickel content wa 


2a through 2d 


comple ted at about 


tarted 
tran 

There 
transformation tem- 
with- 


formation 
ut 1O CC, in a manner nearly te to the 
formation 
was no noticeable change 
when the varied 


perature 


n the limits previously mentioned. Through control 
of the specimen temperature, the transformation can 
bee turted topped, or reversed at will. Thi phe 


hu frequently been observed in_ the 
nonferrous alloy 


and In-Tl How 


transformation 


formation of many 
tems are Au-Cd 

latter tem the 

interface motion if the 


martensite tran 
tem Other 

ever, in the 

accomplished by single pec 


men composition is homogeneous and the tempera- 
ture gradient in the specimen } 
wherea in the Cu Al Ni 


interlace 


uniform and 
multiple 
pr ‘ ad of 


harp 
pecimens, only 
observed. The 
to be a function of the 

and the 
In one cause in 


transformation 1 
the interface 
rate ol te rripoe 


radient acro thie 


motion appeal 


rature change temperature 


pecimen length 


which the temperature increased at the rate of 10°C 
per min and there was no temperature gradient 
slome the pecimen axis, the peed of the disap 
pearance of a plate was determined, by the study 
of the motion pictures made, to be 26 pw per sec 
Quench markings were observed on the polished 
urfaces of specimens. The markin were grouped 
into one or more sets of different orientations, and 


vere parallel in each set. The 


were 


plates formed in 
parallel to the 
and the 
relation- 


transformation 
that the 
quench marking had the 
hip to the i 
intersectin 

ised in the 


ub eque nt 


marking indicating plate 
peometrn 
quench markings on two 
therefore 


plane of 


matrix. The 
urfaces of a specimen were 


determination of the habit 


transformation, by the trace method suggested by 
Barrett. Results obtained from five sets of mark 
t in three specimens indicate that the habit plane 
is an irrational plane about 2° from one of the {221 
plane Thi very close to the habit plane (3 trom 
221 planes) of 8 Cu-Al alloys containing more than 
13.0 pet Al 

The martensite transformation of Cu-Al-N1 alloy 


to ind betwee! 


h a shght 


lugeishne Wa 


althoug 


reproducible No 


consecutive transformation cyclk 


difference in the distribution pattern of the plate 
was observed, compare F) ld and 2d. The tran 
formation can be train-induced. This characteristic 
has been tested by a simple method. When a speci 
men was elasticall trained slowly in a vise 
plate were gradually produced in the ime fashion 
is during transformation on cooling. This test wa 
done at room temperature, and thus above the M 
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TRANSFORMATION ON COOLING 


Fig. la —— 12.3 sec » Fig. lb —— 5.1 sec ——-+ Fig. 1c —— 6.6 sec » Fig. 1d 


Sequence of martensite trans 

formation on cooling and heat 

REVERSE TRANSFORMATION ing in @ Cu-14.5 pct Al-1.5 pct 

Ni alloy. Crystals which appear 

Fig. lh« 6 sec —— Fig. Ig« 5.1 sec —— Fig. If « 16.1 sec —— Fig. le bright in either band or needle 

form represent » phase; ma 

trix in the dark background ts 

the parent (§ phase. Rate of 

cooling and heating approx 

mately 10°C per min. All m 

crographs are reproduced from 

16 mm tilm taken at a mag 

nification of X100 and an ex 

posure speed of 8 frames per 

sec. Time between successive 

pictures is indicated above in 
seconds X3 


TRANSFORMATION ON COOLING, NEXT CYCLE 


Fig. 2a 3.1 sec » Fig. 2b —— 6.9 sec » Fig. 2c —— : » Fig 2d 


pecimens. The induced 100 C were observed. This incomplete reversibilits 
re was not affected by holding the specimen below M 


temperature for unstrained 
plates disappeared as soon as the strain was 
leased. The strain-induced behavior of the trans- temperature for a period of time 
formation is very similar to that observed with £ 
bra by Reynolds and Beve1 Acknowledgments 
Some observations are not in agreement with . 
, . This work was supported by the Atomic Energ 
those of Kurjumow. For example, the temperature 4 
Commission under Contract No. AT (30-1)-904 
range for the transformation, as described above Th th ; to th kT. A. Read { luabl 
was found to be larger in the present study than he : om eee 
indicated. In addition, a hysteresis of 25°C was ob 
erved in the transformation; but the complete re- 
versibility of the transformation, as reported by References 
Kurjumov in the sense that the reverse transforma 1939 
tion takes place in regions where the transformation ; t tof t 


ugvestions and discussion 


on cooling ceases was not observed in a careful 
tudy of the motion pictures of the transformation 
prepared in the present investigation. Not only did 
plates other than those formed just before the 
cessation of transformation disappear earlier than 
the latter, but residual y’ plates which did not di 
appear even when the specimen had been heated to 
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Approximate Method for Calculations Using 


Concentration-Dependent Diffusion Coefficients 


Standard methods are available for calculating the results of diffusion processes 
providing the diffusion coefficient ts a constant. In fact, the diffusion coefficient changes 
radically with composition in most alloy systems and therefore the standard methods are 
not quantitatively applicable. It is shown that a correction can be made for the variation 
of the diffusion coefficient with concentration by employing a special coordinate trans 
formation. Illustrative calculations for two types of variation of the diffusion coefficient 
with concentration show that the accuracy of this approximate method is of the order 
of 20 pct for large changes in the diffusion coefficient. The relation of the present 
method to that of Wagner is discussed 


by A. G Guy, M. Golomb, and A. S. Yue 


N the course of a research or tead tute dif fusion has occurred for t seconds; C, ts the concen 
| f t became mec ‘ to make diffusion cal tration of the diffusing substance at the surface of 
ilutions f finite ld Th problem was found the matrix; is the diffusion constant, expressed in 
| ! t liflerent from the correspondin q em per sec; and & represents the Gau erro! 
problem for the semi-infinite solid for an entirels function 
new approaweh to bee mea i n obtaining a useful The corresponding olution for diffusion into a 
ition Phe inption of an exponential varia firsite olid of thickmne lL, is convemently written 
tion f th i n coeflicrent with concentration for the change in concentration, C,., at a point mid 
rier practical mece o that the new vay through the matrix and for times, great 
lial tleveud thee po | ty of handling diffusion nough for the following equation to be used 
ern ritinuite Vuriitions of the D 
vith conmeentratior ( , ) 2 
chisetu thie neiple or Vhich this method 2 


q 1 and 2 the diffusion coeflicrent is repre 
thre mple 4 dimer nial 
t! '} ted by the symbol D. (rather than by D) to em 
pha « that these equations are valid only for con 
value oft 
( 
ond Fick I ‘ ) for diffusion into a bo unde tund how these equations can be mod 
fied to take account of actual variations of D uch 
’ ALLELE that shown in Fig. 1, first consider the fact that 
iviven time of diffusion the concentration at a 


determined, not by the D value alone 


I 
but by the ratio in Eq. 1 and by a similar ratio 
D 


ita depth em below the irface afte 
n Eq. 2. Even though in fact D vari it Is po 
A G GUY, Member AIME, and M GOLOMEB are Professor of i} 
Metallurgical Engineering and Professor of Mathematics, respec ible to keep thi ratio constant by using a spe lal 
tively, Purdue University, Latayette, Ind, A §S YUE, formerly with coordinate vstem, a that vari with D in the 
Purdue University, «5 now with the Research Laboratory, Dow Chem appropriate manne! 
cal Co, Midland, Mich Ihe Po irv character of th pecial coordinate 
TP 4505E Manuscript, July 18, 1956 tem can be ssi] \ salized t ma ' that 
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~ 
4 
( 4 
bl a Pig thi, rit € the 


DD | the value 
concentration 
der tha 
ponding 


Where D, is a constant reference value 
ion coetlicrent uch as the vulue 
extremely dilute solution. Eq 


for any value of a 


D 


Where the indicated integration is conveniently done 
vraphically a illu truted be low 


The above method is only an approximate on 


and it would be possible to show by a mathematica! 


analysis to what degree it approximates the rig 
olution. However, a clearer picture of the use 
of the method ts given by typical exampl 
its application. Its use in determining a concentr: 
distribution curve for diffusion into a. se 
infin olid may be illustrated by 
the diffusion of zine into cOppel 
calculation are 1) determining the curve of © y 
(fictitious) a2, that would be produced if the diffu 
ion coefficient were constant at D,, the value chat 
acteristic of 0 pet Zn in copper; 2) using this et 
in connection with the actual variation of D wi 
concentration to find a2 as a function of a and 
converting the curve of step 1 from a plot of C 
tr, toa plot of C vs the actual distance coordinate. 
Note that a conveniently replaced by the dimer 
i 
quantity in the followings 
D.t 
Consider the diffusion of zine into coppel 
(1571 from vapor that maintains a 


centrat 2.96 per cucm (30 wt pet) 


copper. If the reference (constant) 


be the value of D in a dilute olu 


in copper, then from Fig. 1 


sq per sec [5] 


» used to obtain the data 


veot Cy These data are tabulated 
Dt 


t two columns of Table I 


The next tep to plot 


the integral of Eq. 4. The values ot 
to the C value in Table I were 
1. These are tabulated along with 
a 
value 
Dt 
listed in 


thi | values in Table L. A series of 


determined bys raphical integration 


the last column 
2 is a comparison of the 
obtained by thi approximate 
determined by Wagner’ 
based on an exponential 


hown by the 


concentration di 


tribution curve 
method with the 
method, The latter curve 
approximation to the diffusion data 
in Fig. 1. The five points from a step by 


dashed line 
tep culeulation, deseribed below indieate that in 


e being considered, Wayne result is better 
high concentration region and the present 
low concentration region 


better in the 
emi-infinite solid, for which there 1 


only one characteristic concentration 


ution Cur the finite solid has a number of 
that may be of interest. Con 
the diffusion of zine into a thin 
thickne Lat 855 C. Convenient 

are provided by maintaming 

of 30 pet (2.56 per cucem) and 

of the specamen. Initially 

of the semi-infinite type discussed above 
the concentration-distribution curve ule 
hown in Fig. 3. These curve were 
u laborious step by step method’ to 
the results obtained by the 
nt approximate method 
neipal interest was the deter 
rece wy to reach the 
distribution. An anal 
employed for the ermi-iotinite 
1} fictitious dimension 
ne time to reach the 
tant diffusion coeth 


he true dimension, Ll, for 


Table |. Data Used in Obtaining a Concentration Distribution Curve for the Diffusion of Zinc into a Semi-Infinite 
Copper Bar at 855°C (1571°F 


per Sq per See 
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the region into which diffusion has occurred is d D. 10x 10 * 
vided into infinite imal re or of thickne da 
each instant the diffusion in each of these elemen fable Bln) 
lary region Will be determined b the ratio st for th cul : 
whe f the dif t 
the re on beu considered 
Cor hictitior COOTT it ter 
etitiou rainiate Vstem Vv: as 4a mean 
Lesimal re lol “ure at ip ‘ Det 
that for eve ry region da there | “a correspondit 
region dx. of such thickne that Of evaluatin 
corre pondir 
da da found using F 
[3] 
D D 
of the diffu 
diffusion in 
be solved 
rm othe 
method 
Unlike t 
essentiall 
distrit 
Cone 
dey 
COppe 
Poul 
pet 
diffu 
but | 
) 
of the 
preset 
rial 
tead 
lon Of ‘ nt. D.. a equited by 
Db a 
‘ — \ | \ 
24 ‘ 
+ ans 
‘ 
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Fig | —Variation of 
the diffusion 
coethocent with 
concentration in the 
Cu Zn system at 
855° 1571°F) 
The experimental 
data are replotted 
from Horne and 
Mehl 


Fig 2—-Concentra 
tron distribution 
curve obtained by 
the present approx 
mate method A 
curve obtained by 
Wagner's method 
and five points from 
a step by step cal 
culation are shown 
for comparison 


Fig 3--Concentra 
tion distribution 
curves at 0.5, 065, 
08, and 10¢,, 
where t. is the time 
required for first 
reaching the steady 
state condition 


diffu coeth 


aleulation in 


2 to deter 


oOn-dependent 


onl 


ade 


dimen 


ved in thi ulculation were 
that 
determined 
variation of the diffu 
ation Under teady 
of zine through the 
for the steady 
equation hold 


ation vs distance 


ditions wa 


reflore 


iitable 


conditior concentratior 
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achievement of 


respondin 
method wa 


leraution 


appli ubil 


thi 
dif 


the 


4a more conclusive te 


of the it wi dina case where 


y method 
variation of D wi 


it from thi 


th concentration was radically 
The diffu 
re udapted trom 
quoted by Birchenall 
through 
tate con 


method 


tem 


jluted by i i roximate 
found to be 


dition cale 
Ibed in 
10 


of (2.0 x 


ection above and wa 
While the tep b ep 
Avain, the 


factory 


dese! 
olution gay a 


reement between 


‘ ! within 20 pet 


the two value Wa uti 


Conclusions 


The ent imate method pe 
ection be made for 


with 


for u con 


“uppros 
the variation ol 
concentration 

tant D vy 
factor 


iiation 


coethcient 
upply ulue 
by about ua 


this vi 
miannet 


into account 
In the ci I 
vhich was used the principal illu 
the t 1 re; th teady tite 


timated 20 pet by 


f the Cu 


quantitative 


tem 
here 


al 


con 
the 


cocthcien 


tow 
method, even thou i j ! on t 


thirty even fol ver concentration 


‘oncentration-d 


ion of 


concentration How 


Instances 


coeffics 


Office of 


und velooment 


Discussion 
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“9 it the midpoint of the pecime hould have at 
tuined the steady-state value to within 1 pet, Eq. 2 
/ Vas V tter 
. / 
2 
‘ | 
y 2 y 
/ I ) 1 x 10°, this equation gave t (3.86 x 10°) 
; / Phi ( r¢ ilt calculated by thie tep 

A consi(i/'/'/'Z//:!|: of the approximations involved in 
rit } ocedure u ed ubove nowed 
Oppe ‘ n had largel cancelled ome anothe! 
Howeve mn most ystems the curve of D col 
centration analogou to the one cor dered here 

A 
A 
f- Ye ‘ duta used tor tl 
esult on the ¢ 
n which the d 
mits a cor 
he diffusion 
: juations that 
) value typ 
able 
onably 
\ tration 
\ dition 
J pre ent 
vurie 
ed 
( |stribution curves describing dif 
fusion into a semi-infinite solid can also be obtained 
the actual CONCCU with comparable accuracy for actual variat 
volving Do wes to Eq) eve n those in which the variation of 
f DPhie steps ive the diffusion is almost exponential, the 
the followin hiatte calculation can be made more rigorous! and 
1) rhe curve of ce more convemently by Wagner method 
from the known data ; Acknowledgment 
fon coetherent vith ¢ Phi eseurch wa ipported by the United State 
tate condition the fl \ Foree through the Air Force HED Scientific 
pecimer Cobostant at Reese ch of the \ Research 
tate condition, the Command under Contract No AF 
l 
(‘da 16} References 
‘ by the it f Diffu 
‘ t Dependent Ditfu Coeflticient 952 
Cstuphical integration of thy equation vave the cle J tt J i 
Go. Tf. ‘ ‘ D Alpha 
L. S. Darke ik W. Gu i Che t Met 
\ plot was made of \ and ‘4 G Hill Book Co. It Yor! 
G. G Interstit Diffu 1 I 44, 5 
determined as the area under this curve, Eq. 4, ex 
pressed as a traction of In the present example "42 
l 0.278! 
of this paper sent (2 ‘ to AIME t 
) Since a critenon of ppear in AIME 7 \ 19 j 
4 


Diffusion of the Elements of the IB and IIB 


Subgroups in Silver 


Data are given for the diffusion of the elements of the IB and IIB subgroups in 
single crystals of silver. With the exception of those for mercury in silver, the data in 
dicate that the activation energies for diffusion of the atoms of a given subgroup in 


the same solvent are similar, but the frequency factors differ 


From this, it is concluded 


that atomic size, provided solid solutions are formed, probably does not affect the acti 
vation energy. The relation of the present results to several of the more popular gen 


eralizations concerning diffusion is discussed. 


by A. Sawatzky and F. E. Jaumot, Jr 


been recognized that there is a need for 
data on diffusion in solid 
Originally were needed to check existing 
theories but, ently, it that it 
could be used most advantageously as a guide to, 
of the theory 
which 


uvail 


accurate 


long 
temat 
uch data 

would 


more res appeal 


or a check for, much needed extension 
of diffu The of the 
are important to experimental accuracy, the 
ability of the materials for 
and the technique proved to the extent that 
eem to an experimentalist that, un 
tuke 
fundamental parameters of the 
detail 


become an empiri 


ion awarene condition 


accurate experiment 


have itt 
it would now 
| are made which 


le extension of thie 


into account the 


atoms, the electrons, and the lattice in some 
the field of diffusion will rapidls 
cal or semi-empirical field 


of experiments was designed 
to provide data on the 
of the IB and IIB subs 
data on the diffu 
elements with 
but with 


imilarly, for 


The present seri 
diffusion of the ele 
that 
three 


imilat 


accurate 
ment roups in silver 


to provide ion in silver of 


face-centered-cubi« roughly 


different atomic o1 
three 
two 

data will not ¢ 


olute 


chemical properts 


and noncubse ele 
The 


rent valence 


elements of these ubgroups hay 


© that the 


ment 
citte 
ficant information on rence due 

tal structure of the 

The present paper 
copper and mercury in 
data for the elements of the IB 

re reported previously by the 


zuka and Slifkin 


diffusio 
le crystals of silver 


author 


report data on the 


and 


other 


Experiment 
that 


repe uted 


The general technique used was identical te 


isly described and will not be 

A. SAWATZKY is associated with The Franklin Institute Labora 
tories for Research & Development, Philadelphia. F. E JAUMOT 
JR, Member AIME, formerly with The Franklin Institute Laboratories 
for Research & Development, is now Director, Research and Engi 
neering Semiconductors, Delco Radio Div, General Motors Corp, 
Kokomo, Ind 
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In all cases, the sectioning technique and high 


activity 


here 


pecific isotope were used 


* cbt ed ft Oak Kidge Nation Lust 


hort half-life of Cu” made decay correction 
important than for the 
itated around the clocl 


all longer 


The 


more ana 


other 
hift 
ection was counted at least twice 
half-life 
with each 
mercury 


isatope 


while data were 


being taken 


(as was true for isotopes) and a 


counted along ample 
diffusion of ilver are 
vreater number of temperatures than 
This is a result of two circum 
40) had to be di 
which 


even though the 


monitor wa 
Data for the 
presented at a 
for the othe: 
tance First ix (of 


olute 
ample 
of pitting or reerystallization 
occurred during the diffusion 
had sustained high temperature 
Kither of these was a ver 


other 


carded because 
rub 
ample prediffusion 
baile 
the if 
ce tail bn low 


activity of 


anneal phenome 


non in the experiments, and occurrence 
idered in more 
urithm of the 


penetration depth 


in this cause is con 


ond, the curve of the lo 


the sections vs the square of the 


efficient Htained the ope { these 
qu 

but frequently seemed 
and the next 


terms of the 


point to have high activity 
hehtly low activit in 
traight When thi 
remarkable rey of the high 
vent, the results, aus far as diffu 
affected by thi 

data had the 
of the data 


vere, in general, quite 


to show ome 
point to have 


best linve occurred, there wa 


ularity low sequence In 


any ¢ ion coetherent 
amalgam 


hivhe 1 


are concerned, were not 


effect In fact, the 


internal consistency of any 


Results 
Diffu 
temperature ini thie 
950 for 
curve of the 


Diffusion of Copper in Silver ion runs were 
eight 
from to 


5 hi A 


activity vs the 


made at temperature 
ranging from 
logarithm of the 
quare of the penetration depth wa 


Table 


and 


tirne 


to lineat 


obtained for all sample urnmmiarize thie 
results for 


plot of the log 


individual Fig. pive 


arithm of the diffu 


ample 
ion coethoent 
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Piflusion 


ele 


culated, u 


respectivel 


ood agreement with the data, the only 
artures coming for high atomic numbe! 

olute vold and m 
The recent data p Ww uc- 
cepted idea that for fusion | y dilute 
olutions, the value and YQ should not diffe: 
us greatly from those for self-diffusion as the olde 
data indicated, On the other hand, there seems to 
no doubt that the difference which are present 
ant. Thu LeC laire uggestion’® that the 


Fig. |--Data for 
diffusion of copper 
in silver, plotted as 


log Dvs 1/T mils Vani y small concentra- 
olute | probably unfounded goth of 


these points have been di ed in more detail 
elsewhere 

One of the main objectives of this series of experi 
ments was to learn more of the effects of the toni 
or atomic size and the valence of the solute on the 
frequency factor and activation energ) There 1 
now rehable data available on three monovalent 
metals (subgroup IB) of different sizes and three 
divalent metals (subgroup HB) of different size 

assuming, of course, the Hume-Rothery valence 
It is seen from Fig. 3 that the plots of InD vs 1/7 
for solutes of a given subgroup tend to group to 
ether and, with the exception of the curve for met 
cury, they are relatively parallel within subgroup 
Thu the data indicate that provided olid solu 
are formed, the tonic size does not appreciably 
obtaimed ul the activation energy for diffusion, but dos 
2 pet iffect the frequency factor (valence obviously ha 

con an appreciable effect). That is, the activation ¢ 

es for diffusion of silver and gold in silver 
dentical, and that for copper in silver is not very 
ifferent. A similar situation exists for zine and 
cadmium in silver, but the difference in the activa- 
ol Mercury in) Silver , i tion energy for mercury from that for zine and cad 
t thirteen jul too Within experimental erro 
O50 or tin hi Vill be diseu in more detail below. On the 
hand, the frequency factor \ y in accord 
vith Zener’s theory as the Debye 
the solute This would appear rea 
expected that the vibration fre 
the solute atom would partially control 
requency, and the heavier the atom the 


ration frequen 


Fig. 2Data tor 
diffusion of mercury 
in silver, plotted as 
log 
Discussion 
sturmma 


thee 


‘ cauleulated 
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| 
‘ 
| 
7 t the thickne of the plated layer nd the penetrat 
f ‘ The t ting te 9999 pet Ag f Hand na 
Ha 
. 
tion 
wet 
of | 
anf pet 
d 
] 
weu 
‘ ne oO} 
nt 
it ont 
with bw fas 
1} 
le il 
pet 
“yor 
vore 
Tie te 
vere 
\ l/l 
\ least 
the chats 4 
lower the 
1) EXD B100/RT) sq em pe ec, [2] 
ULE these data can onl be described a 
rel it mid probabl The averape 
difference in the value of obtained from different ‘ 
at thie ime temperature 047 pet, with no ‘ 
clitlerenee beau eat pet The mean devia 
fron Faq. 2 is le than | pet In soite of the a. 
« 
parent aeeu cy 
is Chatmed 
mad Table . 
- mental ve ilt for diffusion of clement of the IB 
d ‘ 
mad IB ul ve neluded the 
iite ome previo ‘ ilt or ten 
ins HI gives the values of D, and Q cal 
ne Zenet and Now CK method 
values are, in general 


activation energy not appreciably af 


That 
fected by th ize of the solute atom is not unreason 
able from a physical point of view, but much more 
tenuous on theoretical ground That is, it is 
at these low concentrations, that the 
olvent lattice. Then, an adjacent va 
diffusion) 
further to reduce any effect of size so far as the 


like 
olute atom 
et only a 


cancy (assuming vacancy would tend 


energy barrier is concerned. There appear to be no 


vood grounds for determining whether the fact that 
discu 


each of the solute atom ed here (except sil 


ver, of course) can have a smaller ionic or atomic 


radius$ than the solvent atom plays an important 


nd poid i pure 


role. It is believed that it would, on lattice strain 


considerations, and a similar study using copper o1 


Table | Summary of Data for Diffusion of Copper in Silver 


per see 


sample Temper Time, See 
No ature ‘ alu 


olvent would be interesting.* Alon; 


however, the present data indicate that 


whether mal 


these line 


it makes no appreciable difference 
concentrations of the solute expand or contract the 
lattice 

iven an atomistic treatment of so 
eligible chem 


Fermi 


ion in metals for cases of me 


ical concentration gradient Using a Thoma 


Table t1. Summary of Data for Diffusion of Mercury in Silver 


Temper Time. see 
per sre 


sample 
No ature 
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Fig. 3—Summary of 
results for diffusion 
of elements of the 
1B and IIB subgroups 
in silver 


approximation, he calculated the influence of im 
purity atoms on the Fermi electrons of the lattice 
The results, apphed to the data of Ref. 3, indicated 
that the ufficrent to explain the 
magnitude and direction of the observed deviation 


creening terms are 


from self-diffusion in silver 
Since the exce 
tant are the only variable of interest in the final 


valence and the screening con 


expressions, Lazarus’ treatment can be compared 


with experiment either by assuming an excess val 


ence and a sereening constant and computing D, and 
( for the solute, or by using the Q@ obtained expert 
mentally to determine a sereening constant with 
which to calculate D 
The difficulty with thi 
automatically to the 
ame D, for solute and self-diffusion if solute and 
olvent have the anne Further, for the 


which have the ame aetivation 


treatment is that it lead 


activation energy and 


valence 
divalent clement 
energie this treatment ‘ to the same value of 
Phu for 

treatment ha 


experiment f the present type, Laz 
litthe meaning, because insuth 
idered himself 
points out that the most questionable assumption he 


parameters are con Lazaru 
makes is that a solute atom may be represented as a 
olvent atom ring only in nuclear change and 
numbers of valence electron 

It is tempting to explain both the diffusion result 
(low Q) for mercury and the tendency of the sam 
ples to pit and/or ree tallize during the diffusion 
anneal in term isitivity to imperfections. The 


recrystallization and pitting could be explained 
of a high de of 
and the low 


ould be explained by a significant contribu 


repvation 
location activation 
location diffusio i low temperature 

without me 

ul tion 

ine disloe: 


nternal « 


tated recent! 


m with 
The ite 
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5 9 472 lence effect can equally well be argued, in view of 
66x 
Lazaru vork, to account for the diffusion result 
7 340% Frequent] eneralizations are found in the 
! SUE 36 erature which describe the effects of various pl cul 
4484 
7 46 on diffusion rate Three of the 
“9 4 
69 50 ‘ popular one vere | and 
huttlewortl nm conne diffusion of val 
ou olute in Coppel 
‘ 


copper obey 
ralization, but lower temperatul it dos 
t. The crossover of the cury for silver and cop- 
occul at about 260 C for coppel and at about 
é ree ee 90 C for gold. Of course, all of the group II ele- 
ly 
es Summary of Dota for Diffusion of Group 1B and Group IIB ents have maller solubilitie = lan silver 
; Elements in Single Crystals of Silver ind gold, but their higher rates are attributed to 
valence 
Finally, one mor rally accepted con- 
_ is that of a general direct rrelation between 
imilar for equivalent atoms uu an olvent, 
Mole = per Ses ” ‘ Mole Pet and the frequency factors are different, the validity 
* f any { ral correlation must be questioned 
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vior between 

cooled specimen Some of 
pha ‘ vhich adhered to the 
der to permit dif 

were 
Fisher Rela 


boundar. 


repiicda 


of thei 
staink tee! 
il nature of the carbide is appa! 
ible thickne gradations suggest 
thinner than 200A 


diffraction on the material 


requentl 


attern which neverthels 
Sherrer rings. The 
ven in Table I and 

action data for chromium 


tablishe 


Fig. |—Parlodion replica of Type 310 stainless steel sheet 
atter water quenching from 2000°F Germanium shadowed 
Etched with « lectrolytic 10 pet chromic acid x7500 Reduced 


approximately 50 pct for reproduction 


~ 


ga. 


Fig. 2—Parlodion replica of Type 310 stainless steel sheet 
after air cooling from 2000°F. Replica prepared in the same 
manner as in Fig |. X7500 Reduced approximately 50 pct 


for reproduction 
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Fig. 3—Parlodion extraction replica of ai cooled steel, 
showing the structure of grain boundary material Etched 
with hydrochloric picric acid in methanol X18,000 Reduced 
approximately 50 pct for reproduction 


the comple x cubie chromium carbide - C. It might 


well contain boron which is known to stabilize the 


related structure, 

Chemical analysis of the teel indicated a boron 
concentration of about 0.001 pet by weight 
of the steel indicated that 


the quantity of network phase formed during cooling 


Subse 
quent work on other heat 
ensitive to the concentration of boron. Inasmuch 


as the network forms during the short time in which 


Table |. Electron Diffraction Pattern, 100 Kv, Electrons, of 
Material shown in Fig 3 


tron Boro carbide 


Interplanar Spacing 
(1, Chet d, At 


Chromium Carbide 
‘ 


‘ te 


Leools thi 


mation ! ted that bor 


temperature 
uw powertul cati t to curbide mation 
In ) h ibility of chromium titution 
for it ma be th 
precipitate to form 4 the 
(BC) nucleute Cri thy 


penerally 


boro-carbide 


which, in turn 


found in stainle tee] 
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Herrmann from lattice parametet 
The rear modulus, Poisson’s ratio 
nodulu vere calculated from the data 


vh use of the following relation hip 


aleulated qi 


mputed value compared with 
obtained b than Table Ill 


uch a compat! The agreement 
ood for neodymi 


Table | Measured Values for Some Velocities in Yttrium and Some 
of the Rare Earths 


Plement sente Velocity 10) Cm per see 


density lengitadinal shear 
per Wave Wave 
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i 
constants of yttrium and eleven of the dir 
4 me earth clement have teat measured 1} meusurement 
ts has been accomplished by measuring the propava nd Your ! 
ppt [1] 
time between an appled pulse and the appearance 
wat ver technique hia ( ) 
» 
relativel comrmol and the bia at thie ’ 
4 
(1 
is outhned in several standard test 
i | ma 
op nd Bolt 
5 
2 p [3] 
lint in imptions are made when usit 
thi nation of elastie modul j thi modulu the Young’ 
First, the pul med to | ite a ! on itio, pl the density l 
Wave Po justi imiption, the ero ection the lor tudinal wave velocit and is the heat 
i of the test specimen should be large compared to wave velocity. The cighantities are shown 
. the wave length of the transmitted pulse hs thieese n Table I 
measurements on Une ire earth elements the mit Compre bility values can be computed from the 
ere ection wave length ition was about 20 elationship 
second a inption which must be made 1-2) 
7 polye tilling that the rain {3 y [4] 
ine uiflicrentl numerous and randorrsl onented so 
thee pectmen may be approximated as elast ind the co 
call The rain n the as-cast spec measured \ 
rien vhiecl vere tised to be ullicienti lists the data for 
fines for th iIpproximatior ind the depree of pre atistacto bey 
th ewpoit the fact that elastieit miei 
urement the ise-echo technique OF cast 
cof Ve esult vhiel ine 
utistactors i eocment with viiltie obtained 
Phere beheved that the mea 
tes tye ‘ ous! erro clue thre 
itu used in adetert Vil i > . 
peri Reflectoscope with a preeisely cal ‘ 
i 
vere used both to venerate the pulse te leteat ‘ o2 
thy vere used fe thy ‘ 724 
42 
used for the shear mode of 25 and 
» pert oc were emplo od VlIost of thre 
pecinen vere 25 to Samm in lenet it and poor for amariun ind inte! 
7 mediate for the othe clement Some variation 1 
Table I a measured | paca thermal vherea the present measurement are 
thon velocity of long: wave ind «of hea adiabath In addition there ma ome effect due 
: wave tovether with densitre obtained by Sped to small variatior in purit Though most of the 
i. ire earth metal measured by Bridgman and all of 
* the metal ised in the present measurement vere 
: prepared at this laboratory, minor purity variation 
mf «x nee the le fror ditferent 
Als il mpertectior ich a dislocations, 
vacanct Ve rain boundart micros iCK ote 
ee hould contribute to the volume change of a com- 
4 


determined by Bridgman, but 
hould affect only the attenua 
through the 


ample a 
nperfection 


Onic Wave and not the velocity 


Discussion 
ibility is the reciprocal bulk modulu 


and is a measure of the inte 


The compre 
ratomic force isting 
volume change The shear modulu a measure of 
the interatomic forces resisting deformation of shape 
ibility and shear 


complementary 


at constant volume. The compre 
modulu thu ive 
about the 
and sheat 


information 
ibility 


numbet 


binding forces in solids. Compre 
functions of atomic 
are plotted in Fig l and 2, re 
plots there 1 
bond 


dicate a 


modulus a 
pectively. In both 
an approximately linear increase in 
number, This could in 
mall contribution of the to the 
bonding but, more probably, it is due to an increa 
ing strength of 
the bonding 
charge 
From the 
57), samarium (62), and ytterbium (70) deviate 
ynificantly 


trength with atomic 


tf electron 


interaction between the core and 


electrons due to increasing nucleat 


graph it can be een that lanthanum 


modu 
lus, While cerium (58) and ytterbium (70) deviate 
ibility 
with erystal 
Most of the rare earth elements crystal 

double 

tructure, but the 


in other struc 


from the linear trend in shea 


appreciably from the linear trend in compre 
These deviations seem to be correlated 
tructure 
lize at room temperature in the 


ere d he 


element 


ordinary 
agonal-closest-packed 
noted above all tallize 


ture Cerium has been reported’ to crystallize in 
both the hexagonal-closest-packed and face-cen 
tructure but the 


measurements was the face 


tered-cubi metal used in these 
modifi- 


xavonal 


centered-cubs 


cation Samarium crystallize with a he 


Table Il. Elastic Moduli Calculated From Measured Sonic Velocities 


Young's Shear 
Modulus Modulus 
per sq Om 


blement 
Poisson's 


symbol per sq Om Katio 


tructure which has peculiar layering’ of 
Ytterbium cry 


tructure 


close 
tallizes with the face 


ked plane 


centered-cube which was not 


Fig. | 
bility plotted against 


Compress: 
atomic number for 


the rare earth 
elements 
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Fig. 2—Shear 
modulus plotted 
against atomic 
number for the rare 
earth elements 


tallizes with the body-centered-cub 


Ytterbium and europium would be ex 


measured, cry 
tructure 
pected to have abnormally weak bonding sinee 
chemical evidence indicates that these two clement 
tend to fill and half-fill, respectively, the 4f elec 
5d and 6 tate 


Lanthanum, praseodymium, and neodymium ers 


tronic states at the expense of the 


tallize with a structure closely related to hexavonal 
t-packed, In thi tructure the basal plane 
are layered ABACABAC instead of the usual 
ABABAB,; the unique lattice parameter and the unit 
large as the 


close 


cell are twice a ordinary hexagonal 


Table Hil Compressibility Values 


fompressibility te 
sq Om per Ke 
These Data 
Adiabatic 


Hridgman 


Symbel fsothermal 


Closest-packed structure However, praseodymium 


and neodymium both follow the linear trends close 
Hence, it 


heat modulus of lanthanum | 


ly in compressibility and shear modulu 
may be that the high 
gen contamination, O»% 
lanthanum ts particularly difficult 
Yttrium (39) 
imilarity 


due to ox ven removal from 


hown in the plots because of it 
chemical to the rare earths, even though 
itis not properly a member of the lanthanide seri 


trend at about element 68 and on the trend in shea 


The yttrium value projects on the compre 


modulus at about 66.5. The binding forces in yttrium 
might therefore be expected to be intermediate be 


tween rare earth clements 66 and 646 
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Mechanism of Precipitation in a Cu-2.5 Pct Fe Alloy 


The precipitation process in a Cu-25 pct Fe alloy was studied experimentally by 
means of X ray diffraction and hardness measurements and light and electron micro 
scopic observations. It was concluded that Fe and «-Fe precipitate simultaneously, 

Fe dominating in the early stages. During later stages, the particles of »-Fe dissolve, 
providing the copper lattice with iron atoms which diffuse to the more stable «-Fe par 
ticles. The « Fe particles continue to grow until all evidence of the Fe is gone 


by J. B. Newkirk 


uctural chan nvolved It wi the 

to determin the 

ron from a Cu-Fe 

olution i light of available published 
ana with additional new and 


mental data 


Experimental Method 
1060 © copper will contain up to 
Fein equilibrium solid solution The 
rapidly toward lower tron concentri 
at 600 © on about 0.5 pet Fe 
equilibriun Below the eutectoid 
(50 C), the iron-rich phase in equilibrium 
copper-rich solid solution consists of bod) 
cubic a-Fe Above 850°C the equilibrium 
phase is face-centered-cubs 
tudied was made by meltin 
m and OFHC copper by induction 
uum in an Alundum-lined cruci The 
held molten for about 5 min, after which 
vas turned off and the 
promote dit 
nvot, cont 
clean, li 
Slice 


) B NEWKIRK Member AIME is associated with General 
Electrre Research Laboratory, Schenectady ry al for observin diffuse 
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\, 
! i hie ! of mech 
which to the body-centered-cubie form of lid 
ts Tore ‘ thy f the cor 
feat pile the ‘ eloot cu ‘ 
Too coherent | mrecipitate vhicl 
! il 9 this ‘ du levy thiit 
rao0 then held at 650 C f } chanved fron Vill 
cold Kewl He also found dit 
frit ‘ espondin ! bod fered-cul I} 
‘ ‘ tte onl med and 
oul sy buat ‘ ‘ na to onl ina 
j by i tout kod Ky ind tier 
te Coat md Tu ind that ed Cu-Fe 
‘ ‘ 
‘ ‘ 
ot aA n hydrogen at for 24 hr and, finally 
rienched n cold water Specimen for all ubse 
P itt eported | th. puent test were made trom these lies 
‘ ‘ ‘ ‘ ‘ ‘ ‘ al about ] crn on «at ‘ 
7 nad } cut trom the hice to make pecimer for studyin 
: ows mont of the « dene ndirect hen used to harane md microstructure Wire (0.020 in.) for 
+} Dehve-Scherrs ie vere drawn fror oon 
ed 
i\ 
lly 
re 


of 0.005 

then etching 

0.003 in. in thickne 
be aged were first 
1060 10 C in hydrogen under a 
After this treat- 


pecimen Was 


olution 
n. of alumina 
at holdin the 


the furnace and 1 content 


ve el containing cold water at least 
Olution treated specimens were 
thereatter avoid di rting 
600) or FOO C 
containing argon gas at low pre 


it was 3840 hi 


asurements were made with a Ken- 
testing machine using the 1/16 in 
load Since the 
average of 12 impressions is reported 


pecimen frain size 
condition was represented by an 
pecimen Debye-Scherrer photograph 
vith a cylindrical camera of 10 cm diam 


Table | Debye Scherrer Patterns Given by Heat Treated 
Cu Fe Wires 


Treatment Pattern 


red coppet 

throughout 

vas observed on 

iad been etched with a 

j olution of K.CrO, and HSO, or a 
O.. KOH, NH.OH, and 


etched both chemuc;: 


H 
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aun 


Fig. |—After reaching a broad maximum of about Rockwell 
F82, the hardness gradually falls below that of the as 
quenched condition 


repolishing, by cathodic bombardment with tonized 
krypton gas, using a technique described elsewhere 
Electron microscopy was done using a standard 
technique in which a collodion replica of the etehed 
hadowed with chromium and cxamined 
in transmission with a Philips EM-100 microscope at 
an accelerating potential of 40 ky 

In an effort to observe diffuse 
thinned, partially precipitated crystal 
mounted on the 


ection wa 


catterin 
were hued 
to a small quartz rod and were 
yvoniometer head of a 10 em diam cylindrical cam 


era. The 
110+ direction was parallel to the vertical rotation 


pecimen crys tal wa oriented oO that a 


ux of the goniometer. Stationary-ct tul photo 


graphs were then made with the «1 al in chosen 
positions. Unfiltered copper radiation 
make these photograph 
Results 
The results of the hardne tests u 
aved at 600 C are piven vraphicall 
ults of le uryve made with 


pecimens at other temperatures are 


complete 
also in qual 
tative agreement with normal age hardening be 
havior 

Table I 
fraction patterns given by Cu-Fe wire 
Six distinetly different conditions are present 

1) Sharp coarse grained pattern corresponding 


ummarize Debyve-Scherret 


pecithen 


fo ftace-centered-cube copper with well-resolved 
hack-reflection doublet See Fy 2a. This is chat 


of the solution-treated condition prio 


qraimed 


ingle Coarse 
pattern, each spot of which has a diffuse 


on the high angle side of the maim line. zt 


This 1 


found at relatively earl ti 


Two coarse qraimed face-centered 
lightly different lattiee parar 
Kach pot on the intense 
the copper matrix has a correspondin 
lower intensity on the second pi 
ponding spots are joined by a diff 
characteristic of intermediate stages of 
4) Two coarse grained face-centered 
fern a in condition ; pl i one we 
tered-cuhby pattern 
This is characteristi 
temperature 
») One coarse grained face 


) pattern plu one fine grained 
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il to 
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ite HNO, to about . 
pecimen 
> 
treated tor 1 hr at nd 
ai ot il | 
ent the ceramic * 
qadumped into a . 
i- i 
handied caret 
thie mechani 
The peciinie 
mall Vycor Vik 
ure rhe longest aging treatmerE at 
700 ¢ 
Hardne rit 
trall hardne 
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Wd baad pre 
here Fach 
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ju ngle face-centered-cut Resolved 
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oe 
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ented ce 
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(gue h distorted 
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‘ i ‘ ‘ pi ‘ 
entere ke plu ‘ 
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en 
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Phe corr 
d. Th 
! 
i ti a ola eubie pat 
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thie inve co 
polished ect ! 
ite 
olution of (eo 
pecimens and, afte: DC, tered 
— 


Fig. 2—-Debye Scherrer photo 
graphs given by Cu Fe wires 
after the following heat treat 
ments: a) 1060°C, | hr water 
quench solution treatment), 
b) solution treated, aged 6 hr 
at 600°C, air cooled; c) solu 
tion treated, aged 600 hr at 
600°C, air cooled; d) solution 
treated, aged 810 hr at 700°C 
air cooled, solution treated, 
aged 3840 hr at 700°C, air 
cooled, and t) solution treated, 
aged 600 hr at 600°C, cooled 
in liquid N., plastically de 
formed by bending 


was found around }t 

reated more full 

examination howed 
unaged specimen were 


copper solid solution. After 


fine precipitate oe 


ains and, in heavier concentration 
incoherent twin boundari Precipitat 
form preferentiall 
At high magnifie 
uppear to 
equiaxed 
parti 


appeal 


rection and 
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| 
af 
| 
4 
. a — 
| 
1109 2004 
\ 4 
é 
. 
‘ he fer | I} characte on precipita h angle Bra 
tie ‘ ite al pet Thi the Diseu or 
ne graine hanes entered-cubie and on Viicroscoy that olution 
‘ odu-centered © patterr treated and composed of 
i | it ‘ ! il thie il if ut atlti ima 
‘ thet mcounted to thier? il particle d 
md the usual Compton modified and a twin bound 
. other extra-Bra catte of the type sometime persed and 
mnt ‘ ecipitated til at proce 
‘ of the diffraction pene fined, tb, and to have a characterist« 
trun tal of ed OFHC coppe ive thie ubstructure At high magnification the irnface of 
ime effect mound low ndex Bra pot the etched section also occasionally howed definite 
is did at of the aged rile tal X due the di height of which vaned 
‘ tts ited thie frov rain to grain. Fig 5 


pecimen which had been lowly cooled from 
temperature 


which had no 
preferred morphology or orentation, Fig. 6a. These 


he solution temperature to the aging 
ultimately developed large particle 
particles grew in size as aging progressed. On the 
other hand, 
from the solution temperature and then reheated 
developed on long aging a clear Widmanstatten 
fi hown in Fig. 6b. During the late lupe 


particles of general precipitate 


pecimens which had been quenched 


gure, a 
agin the fine 
ar the 


vranulat 


rain boundaries and near the larger intra 
Widmanstatten particle 


apparently di 
hown in Fig. 7 
raphic analysis of the Widmanstatten fis 


yvreatly overaged 


OlVe, a 
stereo, 

ure found in the microstructure of 

that the precipitate particle 


pecimen how could 


be explained by the presence of platelets parallel 
with | 111} planes of a cubic (matrix) lattice. An ex 
ample of thi 8, which gives a 
tereographic analysis of the trace directions taken 
from Fig. 6b. This result 
made with overaged Cu-Fe specimens. It 
analyst that the Widman 


alloy can also be 


hown in Fig 


typical of many such 
Wi found by simi 

mn pattern in at 
accounted for by the presence of precipitate plate 


with {111} planes of a cubie lattice 


Discussion 


The observed change of hardne with aging time 
avreement with the observation of 
though the 

hardening ts not as pronounced. The curve in 
Fis 1 is typical of age hardening alloy In that a 
reached after which the hardne fall 
olution. No initial 


in qualitative 


Gordon and Cohen magnitude of the 


Maximum 1 
below that of the original solid 
which might be attributable to a 
decrease of iron in supersaturated solid solution, ha 


hardne decrea t 


work,” in which an initial 
found, is of doubtful signifi 


been observed Previou 


hardne decrease wa 
cance ince the hardne measurements were made 
on specimens which were approximately half the 
num recommended thickne for material of 


hardne 
The Debye-Scherre: 
iven by a solution treated and un 


Coherent » lron Precipitate— 
rn, F it za, 
Wire how that the 


rained, chemically homogeneou and tree of gro 


pecimen Wa 


trains. Patterns, Fig. 2b, containing face-centered 
cubie line with diffuse high angle ide bands in 
dicate the presence of: 1) lattice strains, 2) a co 
centered-cubice lattice with lattice 

than that of the matrix, and 3) com 
ition gradients or a combination of these. The high 
bund 
into distinct Debye-Scherrer spot 


herent 

igle ice ultimately become resolved, Fig 
which form a 
pattern corresponding to a face-centered-cubic lat 
tice with a , 590A. It is proposed that this pat 
idence for the ¢ 
Bitter and Kaufmann 
Within 


f that the now depleted parent matrix at 


direct ey tence of y-iron 
inally ivgested by 
lattice parameter of the new phase 


and furnishes a measurement by 


he lattice parameter of pure 
iture may be ¢ imated. Accord 


phase diagram, the 


‘u equilibrium 
in y-Fe at 700 C (the apin; 


ecimen of Fig. 2c) 
In solution 


to impose a Vegard expansion of 0.05 pet 


Fe latti ré ing this from the ot 
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Fig. 3—-Microstructure of a specimen aged 60 hr at 600°C 
shows a uniform dispersion of a fine unresolvable precipt 
tate Potassium dicromate etch X500 Reduced approx 


mately 15 pct tor reproduction 


rved lattice parameter, a value of 3.588A ts found 
the parameter of pure Fe at room tempera 
Using this fisure, the curve of a Fe) v 
temperature, reported by Basinsk al may be 
extended to room temperature, see Fig. 9 The data 
in Table I show that most of this face-centered tron 
don not transform spontaneously to even 
when cooled to the temperature of liquid nitrogen 
Since the diffraction spot iven by the new face 
centered-cubic phase are harp at intermediate 
of aging, the particles of thi 


t LOOOA in minimum dimension. Also, since 


pha © must be 


each Debye-Scherrer spot on the copper pattern 4 
matched by a corresponding pot on the Ke pat 
tern, the two lattices must be orrented identically 
It follows that Debye-Schet 


rel pot come from a single Copper cry tal, mans 


Whereas each matrix 
identicall riented precipitate erystals contribute 
to each of the he spot 

The absence of precipitate-induced diffuse X-ra 
cattering in transmission Laue diagrams is prob 
ably due to the 
of iron and copper and by the 


riall difference in scattering powet 
mall difference ina 
of copper and , VIZ 1.2 
ture. Thus, the 


about reciproci 


pet at room tempera 
which one might hope 
lattice points at early 
aging and which are well known for some othe 
tems are so slight Cu-Fe alloys as to be ob 
cured by thermal and other background scattering 
The particle eenun Fig. 4b are reminiscent of a 
precipitate reported by Westbrook” for the tem 
Ni-Al, in which the precipitate and matrix are also 
both face-centered-cubie. Westbrook deseribe thie 
f the 
diced cubes of Ni Al. Faced with the inability to de 
duce directly the form of the earl Ke precipita 
b the diffuse 
only be inferred, from 
the Fe particl 
the Al 
appeal 
other than 


precipitate particle ogdoadically 


available technique it can 
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— 
bi 
— 
temper 
Which the value of 
Fe at room tempe 
tor thie 
olubilit of col part of whien 1 neld out of it equilibrium conhe 
temperature for the sy is roughly iration | the coheren fore at the Cu he 
} pet Cu TI rmuect would be hpoundiut Thi ormewhat the tuation a 
Othe, and the milar Cu-Ni-Co tern, except that the 


Fig 4 By means of electron micrographs the precipitate particles can be resolved Polystyrene spheres 25, im diam are in 
Potassium dichromate etch. a) LEFT. 60 hr at 600°C. b) RIGHT: 1300 hr at 600°C. X500 Re 


duced approximately 5 pet for reproduction 


luded for microscopy control 


istry are much 
mall amount of 
would account 
denee of distortion 
is quite evident 
through X-ra 
face-centered-cubie Another source 
oO face-centered-cubt Fe precipitate whi 
rie ately equal amount body-centered-cubs 
Phe Precipitate— At liste Che Debve-Scherre: 
ay evidence for the presence i a face-centered-cubic 
bs ttice ud, definite lines which cubie p: rn havine 
Fe can be seen, see i to Coppel 
r this photograph wa 
ittern proves the plastically deformed after 
hein random tion thi pecimen gay 
pattern wa Which pattern correspond 
160 da Fe only. It is evident ther 
arefully handled precipitate has transformed 
ay picture wa eren ace-centered-cubs 
it beheved hh nt bod centered-cub 
orvented a- Fe equence of the cold wort 


product it vrauin 


specin 


t 


fia Some grams are characterized by definite ndges 
made up of mdividual mounds on the specimen surface. This 
specomen was aged 90 hr at 600°C Potassium dichromate 
etch X20,000 
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‘ ‘ 
‘ entut ! ‘ itior 
ould be Kpected 
4 The Ku 
obvious! the coherent 
ri to the more tuble 
vhen it cold worked 
ipt n Fk contain 
and a bod centered 
urumete correspond 
id a-F« Th pecimel 
wise whieh hed been 
i Before deforma 
ittern shown in Fig. 2¢ 
‘ thie COoppe matrix plu 
fore that the iron-rich 
fron the ori nal co 
phase thie nonco 
orn in expected ol 
mens at a moderately late tage of agin 
le of apparently contain three phase u nown t trie 
‘ icleated at lattice imperfections or they 
ru three patterns 2d These phase ure ua) the 
as } ‘ ‘ throuch the transformation of some of 
n of depleted copper matrix, and b) the particles of 
lattice, Vhich are in the proce of dissolving in favor ol 
the rowiny partick ol table Fe 
2 No evidence ha been found for the eo» tence ofl 
bye-Scherret whi vould show evident split 
matrix are both face-centered-cubie and both hav 
. »* : ‘ 
platelets which are parallel t 100); matrix plane 
Thus, the platelets in overaged Cu-Fe nm ht mot be 
7 ee the coherent Fe phase, but rather the a-Fe phase 
yould be consistent with the udual appea 
ince of a-Fe line in Del ‘ ‘ putter? vel 
reatly overaged pecimer and with the fact 
a that the platelets are ferromagnetic, as observed t 


Fig. 6—Stable «-Fe precipitate a) LEFT: grows as equiaxed particles if the specimen ts slowly cooled from the solution tempera 
ture to the aging temperature, or b) RIGHT: forms a Widmanstatten structure if the specimen is quenched and reheated to 
the aging temperature. Aged 3840 hr at 700°C. Potassium dichromate etch a) Furnace cooled trom 1060°C to aging tempera 
ture. b) Water quenched from 1060°C and reheated to aging temperature X250 Reduced approximately 2 pct for reproduction 


Gordon and Cohen. The clear boundary between the parti yrovide a low ! ink into which tron 
Widmanstatten precipitate and the matrix, seen in atom mm th table and therefore more solu 
leave no doubt that this ts a true 11] ? an diffuse. Thus, the re will 

ingle particle, and not a pseudohabit “uppeal wip f enough aging time is al 

reported at first for Ag-Cu alloy (The Th recipitation sequence from the supes 
ture, being unconfirmed, was later iden aturated solid solution 1 the final state where 
tified’ as preferred precipitation of unresoly ial x! wit he depleted copper 

ticles on {111 lip planes.) Perhap he | atrix, is illustrates n Fig. 10 


habit in overaged Cu-Fe allo ul xplal The continual inereuse ¢ usceptibilit 


terms of accelerated growth of th arti and unworkes reported by Gor 


111 lip planes. Thus, specimens w 1 hae don and Cohen 
plasticall trained b quenchin prior to agi radual triumpt 
would develop [111 Widmanstatten platelet é th previou 
observed, whereas those which had been low! 
cooled to the aging temperature would not 

The absence of fine Fe precipitate in the ne 
borhood of the oa-F rain boundary and Widn 
tatten particl ul Fi 
effect indicate 


precipitate to for 


Fig. 7—At a late stage of precipitation, the finely dis 
persed ~-Fe particles dissolve and the massive particles of Fig 8—Octahedral poles of a cubic lattice in standard 100 
Fe grow. Quenched from 1060°C, aged 3840 hr at orventation can be made to lie on the trace normals of the 
700°C. Alkaline hydrogen peroxide etch X500 Reduced Widmanstatten particles in Fig 60 by a rotation of 44° 
approximately 20 pct for reproduction about an axis in the specimen surface 
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4 
) 
~ 
/ d 
: 
clearly explained in terms of the 
of the ferromaunets ovel 
precipitated nonterromapnets 
PHOTOMICR 
VERTICA 
44° 
is not the more stable. The 
Win twin 
AY 
= J 
‘ 
» 
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Fig. 9—The 
parameter of + Fe 


lattice 


varies nearly linearly 


with temperature 


down to 20°C 


found on the 


5, may be a 


etched 


each of 
1) atom 
in appearance to 


‘ilsdort on Cu alloy 


Summary and Conclusions 


ittern hive hown that the 
upel aturated solid solution of 


and ke 


Copiou 


precipita 
Depletion of 
precipitation 
is accompanied by 
ullo 
numerous a-Fe pat 
ke particl 
! further depletion of the 
olution of the Fe particle 
nation ha hown that the 
According to 
orrmentation of the ke lattice 
which 
could 


Continued agin 


ad 


matrix, and 


neraul precipitate 


the copper matrix witl 
of the ‘ varticle 
ivailable technique 
iphs indicate that the pat 
uiaxed. The does not, in 
pontaneous|! to ake even 
a 196 C. However, if the 
tempera 


trammed at room 


he occult immediately 


Fig. 10-—-At an early stage of aging, most of the precip: 
tate is in the form of coherent »-Fe On continued aging, 
the persistent growth of the more stable incoherent «-Fe 
particles leads to the resolution and ultimate disappear 
ance of the +»-Fe particles 


rmediate of aging 


and 


particle ot 


boundart within grain 
boundat precipitate 
and with random 


particle an ke 


POW a equiaxed pal 
Intra 


from 


lattice orrentation 


ranulas probably resulting 
few of the ke 
lattice orientation 

natrix, although this has not 
trated. The a-F 
than those of y-F« 


hardening 


formation of a particle 


a definite with respect 


been demon 
much le numerou 
and produce little if any matrix 
table than the Fe pre 


particles are 


Bein 
cipitate, the a-Fe 


more 
particle continuously dut 
while the 
parti ure 
lowly 
pecimen 


Ith avin 
The a-F' 


have 


redissolve 
which 


temperature 


precipitate 
equiaxed in 
cooled to the 


pecimen 
been aping 


However, in which have 


been plastically 
Widmanst 
explained by the pre 
parallel to {111 
vrowth of the 
planes may be 
faulted slip 


trained by quenching, a definite atten fig 
found which 1} 
platelet 
trix. The 

Fe particles on {111 


for by in 


ure | ence ol 


planes of the copper ma- 


more rapid intragranular 
accounted 
diffusion on. these 
plane 
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Some Observations on 885°F Embrittlement 


The hardening of several 24 to 30 pct Cr steels was studied at temperatures near 
885°F. In alloys containing normal amounts of carbon, the temperature and time of pre 
heat treatment affect the hardening, apparently because of destruction of potential 
hardening nuclei by carbide nucleation. This occurs to a lesser extent in decarburized 
alloys and does not occur at all if the carbon is stabilized by titanium or is sufficiently 
low. Nitrogen has an effect similar to that of carbon. Hardening does not occur in 
electrolytic chromium. Interference with the nucleation of the hardening constituent also 
affects the optimum hardening temperature. On the basis of one neutron diffraction 
run, long range ordering in any sizable amount does not appear to be a likely explana 
tion for 885°F hardening. Thus, the evidence tends to substantiate the belief that 885°F 
hardening is the result of coherent precipitation of a chromium-rich phase, the nature 


of which is still not entirely clear. 


by G. F. Tisinai and C. H. Samans 


ARDENING and embrittlement of the ferritiu 
chromium taints tee! at 
near 885 F have been known for a long time. How 


temperature 


ever, no satisfactory explanation has been yiven 
goth ordering and precipitation hardening have 
been suggested. Fisher, Dulis, and Carroll disco, 
ered a chromium-rich body-centered-cubic precipi 
tate in embrittled alloy Subsequently, William 
and Wright’ also have found evidence of this body 
centered-cubic constituent. William's hardne 

led to hi 


posal of a new constitutional diagram for the 


trical resistance, and magnetic studi 


alloys. The new feature of this diagram is the e1 
toidal decomposition, below about 970 BF, of the 
phase into two table body-centered-cubu olid 
olutions, one rich in iron and the other rich in 
chromium. An observation of Heger that the am 
ount of » phase has increased and the amount of 
chromium-rich body-centered-cubic phase decreased 
in the interval 5000 to 32,600 hr at 900 F, e\ 
though the alloy increased in hardne ci 
doubt on this diagram 

If precipitation hardening causes the embrittle 
coherent 


ment, the precipitate probably 1 
with the matrix, since no evidence of overaging ha 
been reported. It cannot be 
ever, that Fisher 
is the embrittling phase 
data,” such a chromium-rich phase 


tated po itively, how 
body -centered-cubie constituent 
According to Preston 
hould have a 
parameter le than about 0.5 pet larger than that 
of the iron-rich matrix lattice. Moreove the con 
titutional relationships whereby Fisher's constitu 
ent forms, and whether it | table, metastable, or a 


transition phase, are not yet completely clear 


G F. TISINAI and C H SAMANS, Members AIME, are Assistant 
Project Engineer and Associate Director, respectively, Materials 
Div, Engineering Research Dept, Standard Oil Co, Whiting, Ind 

TP 4468E Manuscript, Sept 18, 1956 
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affecting an 


tudies of Wright’ and of Lommel, a 


secket and of 


The recent 
well as the earlies of 
Hochmann, have shown that 8865 F hardening occur 
in relatively pure Fe-Cr alloys. No evidence of it 
occurrence or absence in chromium itself has been 
reported, The rate of hardening in high purity al 
lower than that in alloy 
large (chiefly 
carbon and nitrogen). This may be due merely to 


loy eems appreciably 


contaiming amounts of impuritie 
effects from 
These obser 


the absence of hardening and 
precipitated carbides and/or nitride 
vations on high purity alloys make it seem un 
likely that 665 F hardening 3 


tuent containing other than iron and chromium 


caused by a consti 


atoms, ¢ carbides and/or nitride 

Wright, Lommel, and Lena and Hawke dem 
onstrated the 
persed precipitate of (probably) chromium nitride 
to be evi 


accelerating effects of a finely di 


on the hardening reaction. Thi 
dence that lattice 
nucleation of the hardening constituent 


appeal 
training increases the rate of 

Some new observations on 665 F hardening are 
reported here. They how an effect of preheat 
treatment that 
tanding of the 685 F hardening phenomenon, They 
which exist 
ture, Some investigators have reported most rapid 
hardening at 885 others have reported 
it at 930 F. The present work also shows that 665 Ff 


hardening doe not oceur in electrolytic chromium 


hould contribute to a better undet 


also clarify a discrepane in the litera 


wheren 


and that any long range ordering type of reaction 


izeable part of the volume is unlikel 


Materials Studied 
Table I shows the composition of the alloys used 
this investigation. In these allo arbon and 
are present in roughl lar amount 
imably both element 


onmitridse dur 
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| 
il 
Py 
/ the heat treatments given 


wn 


Fig 
ment on the hardness of a 30 pct Cr steel before ‘lower 
curves) and after ‘upper curves) a 24 hr hardening heat 
treatment at 885°F Initial treatment was | hr at 1700°, 
furnace cool to 1550°F, hold | hr, water quench Closed 
cucle refers to 950°, open circle, 1000°; closed triangle, 
closed top circle, 1250°, 
1450°, and open 


Effect of time and temperature of preheat treat 


1050°, open top cwcle, 1150° 
closed square 1350°, open triangle 


square, 1550°F 


Althoupt ) iclly, to separate 
efleets of WO, has been made 
Oo where there was any evidence to pi 
Types of Heat Treatments Used—Througho 
paper the effects of three peneral type of 
treatment will be discussed 

1) ‘The 
When it was desired to have materials free 


of the effects of cold work and to have most of the 


initial treatment produce the base con 
Cutbic precipitated thie Initial treatment con 
Isted al he at 


to 1550 and 


followed by a furnace cool 
water quench experiment 
where buse condition desired was a treatment 
above that hughes 


treatment 


temperature treatment 


compre tive 


The preheat treatment immediately precede 
the final or hardening heat treatment In 
initial treatment and the 


preheat 


identical 
dening heat treatment is the f 
en the specimer venerally for 24 hi 
ne treatment were piven in 
furns ange of hardening tem 
porature 

Preheat Treatments in the Range 950° to 1550°R 
rill 
tial 1700) to 1550 F he; treatment to produce a 
Individual 


preheat treatment temperature 


pecimen lhere were iven the int 
buse cond arpole then were held 
for varyvil 
in the rat fo F and water quenched 
sample 
treatment d ‘ cM (1/16 on 


denin heat 
were taken before 
hardenin reatment 
for the pet low 
plotted in ] 


treatin 


holding at the prehe: 

for the materia 

but before the hardening 

ve in the lower curs 

the additional 24 hi * hardenin 
treatment in the iIpper implicit the 
intermediate data ven 100 tem 

been omitted ‘ ts for the 


perature hive 
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and the 


imilar except that the hardne 


The treatment 


pet Cr alloy were 


levels were about ten points lowe! 
#iven to the commercial purity 27 pet Cr alloy were 
not so extensive as those given the other two alloy 
Howeve the result ecured showed clearly that 


it reacts in substantially the ame way, but with 

intermediate hardnesse 
Effects of Time of Holding at 885°F—-The influ- 
of preheat treatments on the hardening at 


maintained even afte! 


hown in Fig. 1 are 
periods at & F. Fig. 2 


ly long hardening 
this for the commercial purity 27 pet Cr steel 
amples were given an initial treatment of 16 
1700 F and water quenched. Preheat treat- 
ments of 1 hr at temperatures of 925° to 1700°F 
then were given, followed by a series of hardening 
treatment 365 F. The 
resulted at 5 F because of a preheat treatment of 
l hr in the range 1150° to 1250 F has persisted even 
after 330 hr at 685 F 
Effect of Preheat Treatment on the Temperature 
of Maximum Hardening—Two samples of the com- 
mercial purity 27 pet Cr steel were given the ini- 
tial 1700 to 1550 F heat treatment, then one ample 
was given an additional preheat treatment for 1 hi 
at 1200 F 
dient furnace maintained between 835° and 1045 F 


yreater hardening which 


amples were then held in a gra- 
to determine the optimum hardening temperature 


Rockwell G hardne measurements were made on 


the hardened bar The data are plotted in Fig. 3 


Effect of Preheat Treatments in the Range 200° to 
950°F—These data were secured for the 30 pet Cr, 
low (0.04 pet) nitrogen alloy and for the 27 pet Cr, 
0.67 pet Ti alloy. The purpose of the titanium addi- 
tion was to tie up the carbon and nitrogen as a ti- 
tunium carbonitride and thus to remove these ele 
ments from solid solution in the chromium ferrite 
The hardne 
ample wa 
at 1600° and another an initial heat treatment for 
l hr at 2000 F. Water quenching was used follow 

each heat treatment. Both then were held in a 
from 


data are summarized in Fig. 4. One 


piven an initial heat treatment for 1 hi 


adient furnace which covered the range 


200° to 950° F, for times of 120, 360, or 720 hr. No 
ipmificant difference in hardne were found be 


tween the 120 and 720 hr treatments except in the 


hardening range, viz., above about 525 Ff where 


the differences were not more than about o point 


tjoth sumples were then given a final hardening 
treatment of 24 hr at 885 F 

Effect of Cold Rolling on the Rate of Hardening 
at 8$85°F—To determine if training 


could increase the rate of & 


mechanical 
» F hardening, sample 
of the commercial purity 27 pet Cr steel, which had 
been given an initial treatment of at 1650 Ff 
water quench, were cold rolled reduc- 
tions and then given a hardenin ment 
24 hr at 685 F. As shown in Fig 
reduction caused a decided increase 
of hardening produced by a subsequent 
ment k 
Hardness Changes in Deecarburized Materials— 
The 30 pet Cr, low (0.04 pet) nitrogen and the 24 
pet Cr alloys were decarburized to a level 0.02 
pet C by an initial heat treatment in dry 
at 2200 F. Although nitrogen analyse 
made on these specimens, other afte 
nilar treatment, showed little change in the ni 
Both these two decarburized alloy 


in their original (1.e., hot forged) 


pecimen 
tre n content 
ame alloy 
preheat treated for 16 hr in a gra- 


condition were 
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= 
a . 
. 
‘ 
os . 
‘ 
are . 
@ 
ky red) tard 
and after the 8&5 | 
The ‘ 


dient furnace operating in the range from 12807 to Fig. 2—Eftect of 
1940 F. Finally, the materials were given a harden time at 885°F on 
ing treatment for 24 hr and for 360 hr at 885 F. The the hardness of a 
Rockwell G hardne data for the 30 pet Cr alloy commercial purity 27 


are shown in Fig. 6; the results for the 24 pet C: aerhaatepae — 
alloy were comparable preheat treating tor 


| he at temperatures 

Effect of Nitrogen Level on 885°F Hardening— from 930° to 1700°F 
Two specimens each of the 30 pet Cr, 0.08 pet C, The initial heat 
high (0.12 pet) nitrogen alloy and of the 30 pet Cr, treatment was 16 hr ~eeotes . . 
0.08 pet C, low (0.04 pet) nitrogen alloy were given at 1700°F followed A P 
the initial 1700° to 1550°F heat treatment. One by a water quench SE 
pecimen of each alloy was given a further heat 
treatment of 1 hr at 1200 F and water quenched 
All four specimens then were positioned in a gra- 


dient furnace operating between 550° and 1300 Ff 
PREHEAT TREATMENT, | HOUR 


and given a hardening heat treatment of 120 hr. The 
Rockwell G hardne measurement made along at i200 F 


the gradient bar, are plotted against the correspond Fig. 3—Effect of 


ing temperatures in Fig. 7 hardening tempera 
Hardness Changes in a High Purity Alloy— Com- ture on the hardness 
parable hardne data for the commercial purity of a commercial 


27 pet Cr alloy and for the high purity 35 pet C1 purity 27 pet Cr 
steel which had been 


preheat treated for 


| hr at 1200° 
creased markedly 30 points) during preheat HARDENING HEAT 


treating, as the preheat treating temperature wa TREATMENT 68 HOURS 

raised from 1200° to 1950 F. In the high purity alloy 

the change was much smaller (AH 6 points) 800 900 1000 
After the 885 F hardening heat treatment, the HARDENING TEMPERATURE 


commercial purity alloy showed high hardnesse 

for those samples given the 1950 or 1200 F preheat 

treatments and lower hardnesses for the sample 

viven the 1600 F preheat treatment. In the high Fig 4—-Effect of 
purity material, the hardne wi ubstantially in preheat treatments 
of 720 hr at tem 
peratures in the 
range from 200° to 
950°F on the hard 
ness of the 30 pct 
chromium about 0.050 in. thick were sealed in eva Cr, low nitrogen 


cuated Vycor tubes. One specimen was given i steel. The lower 
initial heat treatment of 1 hr at 1800 followed by : curves are tor data 
furnace cool to 1550 F, where it was held for 1 hi taken before and 
and water quenched. A second specimen also wa the upper curves are 
viven this initial heat treatment plus an additional for data taken after ) = 600 F INITIAL 
preheat treatment of 1 hr at 1200 Fk, followed by a 24 hr hardening 2000 F INITIAL 
water quenching. Hardness measurements (Vicker heat treatment at ' 

885 F. Initial treat 200 400 600 800 
pyramid with 1 kg load) were made both after 

ment was o water TEMPERATURE OF PREHEAT TREATMENT 
the above heat treatments and after a final harden quench following | 
ing heat treatment of 24 hi 15 & hr either at 1600° 

The 1200 preheat treated ample had hard or at 2000°F, as 

nesse ubstantially the same as those of the 1550 F indicated 
heat treated sample. The amples given eithe: 
treatment fell in the hardne range of 311 
Vpn before the 88 hardening heat treatment and 
in the range 2 to 257 Vpn after the 6885 Fk 


»% 


at i550 F 


alloy are given in Table Il 
In the commercial purity alloy the hardness in 


ROCKWELL G HARDNESS 
oa 


dependent of the temperature of preheat treatment 

Attempt to Embrittle Chromium at 885°F—To de- 
termine if 885 F embrittlement would occur in pure 
chromium amples of high purity electrolyti 


AFTER 24 HOURS AT 8865 F 


BEFORE 24 HOURS AT F 


treatment 
Neutron Diffraction Study of a Hardened Speci- 


men—One sample of the commercial purity 27 pet 
Cr alloy also was examined by neutron diffraction 
Fig 5—-Effect of cold 


( hu nd W. ¢ Koeht« f the 
wh t t rolling on the hard 


ening of a commer 


The neutron beam had a principal wave length of cial purity 27 pet Cr 


{ steel, lower curve, as 


] econd 


1315 angstrom unit with about «¢ pet 
rolled, upper curve, 
rolled plus a 24 hr 

heat treatment at 
loosely packed filings which had been heat tre 85°F Before roll 


in three succe ive step au) 1 hr at 1550 F 


order wave length of 0.6575 angstrom unit 


This sample was in the form of about 86 cu cm 


ing, the material was 
quench, b) hr at 1200°F, water quench; anc water quenched fol 
168 hr at 885 F water quencn Thi ! lowing a 2 hr heat 
hould first precipitate most of the carbon ; i treatment at 1850°F 
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bides and then produce 


for the time used 


The diffraction pattern 


mything other than the 1} 
flections of the normal unit 
either that neo iperstruc 

technique W it rit 


thre 


rdering o1 hort 


huded by the dats 


Fig 6—Effect of de 
carburization of a 

30 pet Cr, 0.08 pet 
C steel on its reac 
tion to 85°F hard 
ening treatments, 
atter a 16 hr preheat 
treatment at various 
temperatures 


ible 665 F hardening 


howed n Vidence 

-centered-cubu 

cell, This could indie; 
present, or b) 


vh to de 


ange ol rin would 


that complete orderin uppeared be ruled out 


Hloweves more than lkely 


u 20 » 40 pet devres 


of order would have been undetectable in the study 


Phi ilthoupgh the result 


are far trom conclusive 


thee random Ubstitution model 


hould be preferred to an or 


‘ ired were harp 
evidence on the possible ¢ 


rich constituent 


cle model The peak 
ouph to furnish useful 


istence of chromium 


Discussion 


modern 


mium-rich cluster of 
could serve as nucleating 
mg comstituent, if this 4 
tuent vell a for 
chromium nitride. The tal 
t 

nitride, (Cr, Fey ¢ 

tud contammed about 
be Nucleation of chromuur 
nitride could use up 
Such dest 
hardening constituent. He 

ides are precipitated, the 

i constant hardening heat 
ead 


iph 


it] 
it olid 
prehes treated hare 


th ted amoun 


theory in 


ite there will be chro 

‘ These clustet 
for the 665 F harden 
chromitum-rich consti 


omium carbide and/or 


courbicde he ) 


and 26.5 pet ke The 
<tracted during the pre 
64.5 pet Cr and 4.5 pet 
n carbide and/or chro 


chromium-rich cluste 


royed cluste could not nucleate the 885 Ff 


ree if carbice and/or 


hardening produced by 
treatment will be de 


i! thie 


) limited 
oO ry 1, the 
! Rockwell G 


tof carbon precipitate 


as carbide durin ubsequent < hr hardenin 


treatment it ‘ tl 


only 76 Rockwell At te 


carbon dissolved ; 50 
carbide. The hardn ther 
minimum of about 58 Ro 


preheat treatment. Since ie 


olution after these lowe 


e hat ittuined 


my 


thy lin 


tend ipitate a 
fore decres reaching 
kwell Gi for 1250 
carbon ren 1 solid 


temperature preheat 
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treatments, fewer clusters are destroyed during the 
hardening heat treatment. After a constant 
hardening heat treatment, the hardne of 
viven only short time lower temperature 
at treatments Is 4 minimum (comparable to 
that of the 1550° preheat treated and 885 F hard- 
ened samples), but hardne then increase with 
to 4 maximum 
is attributed to the ation 
characteristic chromium-rich cluster distri- 
bution by chromium diffusion at the preheat treat 
ment temperature. For temperature below about 
1250 F a plot of the logarithm of the time at pre- 
heat treating temperature required to regain the 
maximum hardne Fig. 1, against the reciprocal 
of the preheat treating temperature (absolute) give 
a straight line. The slope of this line gives an acti 
vation energy (Arrhenius) for the rate controlling 
tep of 54 keal per mole. This is in excellent agree- 
ment with the value of Campbell et al.” of 55.2 keal 
per mole for diffusion of chromium in iron 
The different hardness levels illustrated in Fig. 1 
after a 24 hr hardening time at 685 F are maintained 
for much longer hardening time Fig. 2 shows thi 
for times up to 330 hr. This indicates that the 
hardne differences result from differences in nu- 
cleation determined by the preheat treatment. For 
u constant hardening temperature the growth rate 
hould be constant 
Hardne differences between the 1200) and 
1550 F preheat treatments are found for hardening 
heat treatments below about 950 F, Fig. 3. At each 
hardening temperature the 1200 F preheat treated 
material hardens more and reache it highest 
hardne at a lower temperature (8685 F) than the 
1550 °F preheat treated material ($30 F). It has been 
noted in the literature’ that 685) hardening some 
times was greatest at 685° and sometimes at 930 Ff 
but this has not been previously related to temper- 
ature of preheat treatment. Material with minimum 
cluster destruction during hardening (1200 F pre- 
heat treatment) hardens more than material which 
has partial cluster destruction during 665 F hard 
ening (1550°F preheat treatment). With fewer hard 
ening nuclei initially a more rapid growth (Le., a 
higher temperature of hardening) is needed to 
reach maximum hardne in a constant time than 
is true with the normal number of nuclei, Above 
ibout 930 F the hardne is lower than maximum 
for material given either preheat treatment. Thi 
igvests that the smaller cluste: will not become 
hardening nuclei at hardening temperatures above 
about 
Preheat treatments below the hardening range 
eem largely to precipitate carbon from solid’ so 
lution, Fig. 4. The hardne after the pretreatment 
alone decrease lowly with increasing tempera 
ture of preheat treatment above 200 F (to 1250 F) 
thi must be interpolated in the hardening rang 
(525 to 1125°F). These hardnesses changed only 
lizhtly with time (up to 720 hr). It cannot be 
tated definitely whether the intermediate value 
between the carbon in solution and the carbides pre 
cipitated is the result of incomplete precipitation or 
of a balance between softening from carbon removal 


from solid solution and dispersion hardenin ron 
carbide precipitation. The hardening noted in 
1 for preheat treatments in the range 1250 
1050 F suggests the latter explanation 

These low preheat treatment temper: 
no effect on the hardening produced by) 
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i, 
~ 
. 
tent he iperstructure 
not be « Lid 
olubalit in @hromium ferrite increase 
vith temperature Above about this wa 
“4 erified metallo by observ re-solu 
thon of carbide mcreases with imereasin 
of carbon un solid solution were miliar to 
eported b Rickett and Kristufe for tel 
rite 
1550 
tures of preheat 
ted amount of 
3 


Table |. Materials Studied, Pct 


Designation 


ind pet 
jebted to A 


oO 
ool 


at 685 F treatment if there was only a small amount 
of carbon retained in solid solution during the ini 

tial heat treatment (1600 F initial heat treatment 
in Fig. 4). However, if there wa appreciable cai 

bon in solid solution (2000°F initial heat treatment 
in Fig. 4), the hardening produced by the 885 F 
treatment was appreciably higher. This is explained 
by an increase in nucleation of the hardening con 
training effect 


imilar to the 


tituent because of the mechanical 
oft the 
ellect reported for chromium nitride by othe 


precipitated carbides. This 1 


Positive proof of such a straining from a well di 

persed precipitate is difficult to secure. However, 
the data in Fig. 5 show that the basic concept 1 
valid. The 
cold rolling ha 
ubly after the hardening heat treatment. Thi 


train induced by a 6 pet reduction by 
level appreci 
effect 
attributed to an increased nucleation be 
hould be noted that the increased 


training more than compen 


raised the hardne 
usually 1 
cause of strain. It 
nucleation caused by 
ated for the destruction of the 
Clusters by carbide nucleation, Fig. 4 
If nucleation of carbides during the preheat treat- 
treatment has these 
marked difference 


chromium-rich 


ment or hardening effects on 
hardne level after hardening 
hould result from making the carbon tinetlective o1 
lowering it. To test this, 0.67 pet Ti was used to ti 


ip me of the carbon (and nitrogen) as titanium 


carbonitride No effect of preheat treatment wa 

found in any temperature range, i.e., hardening after 

the 685 F heat treatment was independent of pre 
heat treatment temperature 

A comparison of data for the material before and 

r decarburization, Fig. 6, shows a definite de 

ase in hardne level in the decarburized mate1 

before hardening. Temperature of preheat treat 

ment still influences this to some extent, possibly 

oven. After hardening for 24 or 360 

ame general differences in hardne 

preheat treatment are shown for both 

al and the decarburized material. How 

w hardne level for the latter 1 

case. Th related to the lower cat 

i content of the decarburized material. Le cal 


avallable either for olid solution hardening o1 


lowe 


decrease 


persion hardening from precipitated carbide 
unimum hardne 
und following preheat 
about 1550° to 1750 F. Even 
rial these particular heat treatment 
carbon in solid 

of 885 F hardening by destroyin 

However, there | not 

carbon in solution to disper 


pree ipitation during the 5°F hardening 


after 885 F hardening, | 


reatments in the 
in the decar 


olution to interfere 


arden the 
nucleation by 


nt, and hence accelera 
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train, except following above 
about 1800 F. The 


ame, so the ellect 


preheat treatment 
nitroven content of these two 
materials is the of precipitated 
nitrides will be comparable 

The data tor the 35 pet Cr high-purity alloy also 
are in agreement with this picture. The clectro 
lytic chromium does not harden because the harden 
ing constituent forms only from an Fe-Cr solid so 
lution. The believed to be the 
result of precipitation from solid solution but it can 


tuted specifically what the precipitating con 


oftening observed 1 


not be 
tituents are 

The effects of nitrogen would be expected to be 
imilar to those of carbon. However, this is not easy 
to establish, since it is difficult to make nitrogen 
bearing material low enough in carbon to be sure all 
observed effects are due to nitrogen alone. In Fig. 7 
there definitely is a difference in hardne (for heat 
above 1100 F, 


between the two alloy 


for example) of about five 
of different mi 


treatment 

to six point 
troven content. The two alloys also show the effect 
from carbide precipitation already discussed. The 
1200 F preheat treatment definitely lowers the int 
tial hardne level (600 F hardening) about 1x 
points in each alloy, and yet permit 
hardening in the low nitrogen alloy because of le 

hould be noted also 


maximum 


interference with nucleation. It 
that the maximum hardne for both the high and 
preheat treated at 1200°F is the 
of the low (0.04 pet) 
alloy i preater, howevet 
ince it has a lower initial hardne The data for 
the 0.04 pet N alloy are directly comparable with 
those given in Fy 3. For the 0.12 pet N alloy, how 
training caused by the precipitation of 


low nitrogen alloy 
ame. The increase in hardne 


nitrogen appreciably 


ever, the 
iromium nitride increased nucleation of the 
F hardening constituent to such an extent that 
differences between the 15500 and 1200°F pre 
‘at treatments were eliminated, these two hardne 
curves are quite similar for hardening temperature 
above about 700 Ff 
The present observation 
Clarification of some aspect of the 
problem of 6865 F hardening. Of the various po 
bilitie they appear to strengthen the probabilit 


that the coherent precipitation of a chromium rich 


provide only limited 


com ited 


constituent. the pecific nature of which 1 till un 


certain, is the correct explanation. The observed 


tect atl carbon and nitroven make it unlikel that 
constituent is a carbide or nitride Limited neu 
diffraction data mave no evidence to ibstan 


a valid « planation 


Summary and Conclusions 
1) On the basis of these observations on 24 to 


pet Cr steel the « «planation of 885 F hardening a 
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tr ‘ N Ni Mn si s 
<4 t< 24.95 0.07 . ot 0 ose 0 026 
I 26 96 0.02 ool #2 
tCr, high N 40 0.08 0.12 020 0 52 
pet Cr, high purit 44.75 OO10 0 002 nil 0 008 
* Not determined rials prepared in the annie i er ¢ tent have cont ed 004 O06 pet N 
| 
bon 
for d 
The 
agail 
af 
1} 
le ave ty 
with | 
chron 
matrix by 


4) ¢ hardne j ecured near 885 if the 
hardening nucleation is optimum, but it may occu! 
vh as 930 F if there is interference with thi 
leation. Prior or simultaneous nucleation of car- 
iggested as an interfering or competing 


The probable effect of carbon in destroying 

romium-rich clusters, which are potential 

nuclei, in the hardening range can be 

to a low level, or eliminated, by a) pre- 

cipitation of carbides at temperatures near about 

1250 F before hardening, b) decreasing the carbon 

° content of the alloy sufficiently, or ¢) using suitable 
‘ * art. te, added elements, such as titanium, to remove the 
. carbon from solid solution. If titanium ts used, how- 


ever, a heat treatment first must be given which | 


1? 


TEMPERATURE WAR HEAT TREATMENT 


Table Il. Rockwell G Hardness of Commercial Purity and High 


Fig 7-- Effect of hardening heat treatments of 120 hr at 
ba ! Purity Ferritic Chromium Steels after Various Heat Treatments 


temperatures in the range from 550° to 1300°F on the hard 
ness of two 30 pet Cr, 008 pet C steels contaming, re 


spectively, 0.12 pet and 004 pet N High 
Commercial Purity $4.75 
Purity 27.40 Pet Cr, 0010 
by TU ‘ Pet Cr, oot Pet 
rates caused by the coherent precipitation ol af Pet € Steel Pet N Steel 
hromium-rich constituent seems to be strengthened 
Not Not 
onsiderably. The pecihe nature of this constituent Hard Hard Hard Hard 
a not been established here but ince it poten Treatment ened ened* ened ened 


al nucle: apparently can be destroyed by earhes 
of chromium carbide chromium 
rich nature eoms cleat 

2) The data indicate a relative ly rapid (within 


minutes) restoration of conditions in the olid solu 


hon favorable to 8865 F hardening during preheat 


treatment it temperature above about 1250 but 
much slower restoration at temperature 
1250 Phe activation for thi restoration 


proce isin excellent ayreement with that reported 
in the literature for chromium diffusion in iron ultabl for precipitating the carbon ; titanium 
For a constant hardenin the hardne arbonitride, e.g... near 1600 

level after a #85 F hardenin ‘ treatment car 6) The likelihood of . hardening being an 
be increased by first straining the matrix. by cold ordering reaction | mall as judged by the result 
worl by precipitation of ; ifficient amount of of a limited neutron diffraction study of a hardened 
fire! persed carbide and/or nitride Thi commercial purity 27 pet Cr alloy. Although not 
eres hardne is belreved me the re f ; completely conclusive it is believed that evidence of 
nereased rate of nucleation of the hardenin to a degree of more than about 20 to 40 
tituent. Also } nucleation 1 more rapid pet would have been found had it existed. No evi- 
more closely the Fe-Cr matrix approaches the stati dence of anything other than the random substitution 
tically homogeneous condition, with the con equent olid solution was detected 

characteristic numbe ind = distribution 7) Heat treatment of electrolytic chromium at 
mium-rich cluster F produced a softening rather than a hardening 


1226-JOURNAL OF METALS, OCTOBER 19 TRANSACTIONS AIME 


/ 
ad . 9 
. 
z 40 
< A 
1 
. . 
. 
é 
«! 
60 . 
. 
l hr at 1950°F, water quenched a7 “4 
1 1950°) ter que hed 72 ‘ #2 
1600°F, water quenched 
i 1195078 iter Quenched 7 i 
4 
References 
1d Wepe Frobrittlement at f the t ‘ ertie ( i \ Re e de er «, 1950 
oe, J Du nad K G « identificat the iM. PF. Hawke 85°F) Embrittlement is 
\ the ‘ t cy Stee t ‘ ‘ 1/7 200. pr 607-61 J WNAI 
7 m4 ‘ is” 89 Jone to» Me Fel Me 
Cottre The et Structural Metallurg Chay 14, pr 
W \ estigat f the Nature f the 24.24 Green & Ir New Y 4 194 
\ ind ertathor ‘ W I Prof te ( nd A Butting? i D fer 
‘ we ‘ «, Dept Met ive ree ‘ ( K CrCy-Zementit. A 
w \ 4 ht, J Precipitat ttlement Stucte \ bee D. Barth, Hoecke nd B. OW 
i lelted \ Doct Dissertat G t Bath ©) Flectroche 
Institute of Teet No. 4 
op J i 1954 tee t Te ‘ ture ind tte 
Gg Prest rat ea \ “44 N 7 
i Steel te 124, R Rieckett iF C. Kristufek: The M tructure of 1 
La ‘ e Asnect ‘4 C Embrittlement M ter ASM 41. 113-114 
tat Institute of Teel 
t 1 Kecket: On the Allot ¢ 7 Discussion ‘ ent pie t LIME t J 1954 
131. pe ‘ Ms LIME 7 \ 212. 19 nd J 
Hochmann: Influence of Melting under \ the } bs. 


Phase Transformations in 


Hypoeutectoid Ti-Cr Alloys 


The morphologies of proeutectoid « in a Ti-Cr alloy have been investigated in 
some detail and found to be basically similar to those previously observed in the pro 
eutectoid ferrite reaction in plain carbon steels. The eutectoid reaction in hypoeutectoid 
Ti-Cr alloys was found to consist primarily in the precipitation of « and of TiCr. from (i 


in non-lamellar form. 


by H. |. Aaronson, W. B. Triplett, and G. M. Andes 


take limited studies have been made of pro- 
eutectoid a morphology in hypoeutectoid Ti-Cr 
alloys during previous investigation The nature 


of the 


considered in somewhat more detail 


eutectoid reaction, Bea + TiCr,, has been 
‘Inasmuch a 
the proeutectoid ferrite reaction plain carbon 
teels has recently been extensively investigated in 
this laboratory advantage has been taken of the 
opportunity to compare the morphologies developed 
in two rather different eutectoid systems in order to 
permit a preliminary estimate to be made of the 
degree of generality which may be ascribed to the 


variou ults obtained 


Experimental Procedure 
of the alloy 


The chemical analyse used are given 
in Table I 

The 7.22 pet Cr alloy was prepared by the Battelle 
Memorial Institute from iodide titanium and high 
purity chromium. The initial ingot was made by 
are melting a master alloy and iodide titanium, The 
twice remelted by the consum 
Upset forging at 950°C re 
duced the final ingot to *4 in q bat 

The 10.94 oct Cr alloy wa 
nium Metals Corp. of America from 


purity. Thi 


resultant ingot wa 
able electrode technique 


prepared by the Tita 
ponge titanium 
and chromium of ordinary alloy wa 
melted twice by the consumable electrode technique, 
forged at 1200° to a %4 in. sq bar, and rolled at 
$15 C to a round 

Specimens 1 x 1/4 in. x 1/16 in. were cut 
halves of disk 
erved as specimens of the 


from the 7.22 pet Cr alloy 1/2 in. in 
diam and 1/16 in. thick 

10.94 pet Cr alloy. These 
ually 
evacuated three time 


mm Hg and flushed twice with a reduced pre 


pecimens were individ 
Each capsule wa 
ure of 2 to 6 x 10 


ure Of 


encap ulated in Vvcor 
to a pre 
argon prior to sealing. The inclusion of two smal! 


‘ts of zirconium chips permitted the capsules to 


|. AARONSON, Junior Member AIME, TRIPLETT, and 
GM. ANDES are Research Metallurgist, Assistant Research Met 
allurgist, and Junior Research Metallurgist, respectively, Metals 
Research Laboratory, Carnegie Institute of Technology, Pittsburgh 

TP 4498E Manuscript, Oct. 31, 1956 


TRANSACTIONS AIME 


be outgassed and internally gettered, without heat- 
ing the specimen, prior to heat treatment 

The specimens were solution annealed for 40 min 
at 1000 C, isothermally reacted in deoxidized lead 
pots, and quenched in iced water. Most of the iso 
thermal reaction treatments were carried out at 25 


intervals between 725 and 550 C on specimens of 
the 7.22 pet Cr alloy and at 650°C on 


the 10.94 pet Cr alloy 


pecimens of 


Results and Discussion 


Morphologies of Proeutectoid « Kinetics of the 


* This part of the iN tigatio was performed entirel on the 
Ti-7.22 pet Cr 
Boa Reaction: Fig. 1 shows the TTT-curves for the 
beginning of the proeutectoid « and the euteectoid 
reactions in the temperature range investigated in 
the 7.22 pet Cr alloy. The M 
alloy is below O°C. The curve for the beginning of 
the proeutectoid reaction is good agreement 
with that of Frost Parri Hirsch, Doig, and 
Schwartz for a 7.54 pet Cr alloy, 
reaction time than the corr 


temperature in thi 


appears at con 
iderably earlier 
ponding curve presented by Rostoker’ for a 7 pet 
Cr alloy, and li 
co-worker! for an pet alloy 


athwart the curve of Spachner and 
Difference 
criteria for the beginning of the « reaction and the 
relatively high rate of this reaction at lower tem 


peratures presumably account for some of these di 


vergences and may also explain, in part, the apparent 
failure of an 1odide-base 7.22 pet Cr alloy to react 
buse 7 to & pet Cr alloy 

of thi 


nucleate at and grow preferentially and 


more lowly than 

Grain Boundary Allotriomorphs: Crystal 
morphologs 
matrix prain 


moothls along the 


Allotriomorphs are the first morphol 


more or Iie 
boundari 
ogy to precipitate at most grain boundaries at re 
action temperatures from 725 C, the highest tem 
tudied, at least through 575 C. Fig. 2 


hows typical allotriomorph 


perature 
formed during an 
early stage of transformation at 725 C 

Grain boundary allotriomorphs are not the pre- 
dominant morphology at late reaction times at any 
tudied. However through 


temperature from 725 
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Fig TTT diagram for iodide Ti 7.22 pet Cr alloy 

629 °C. est temperature at hich rates of re 
wtlion are st ow enough to pe t the beginnin 
of the trans! ition to be investigated in some de 
tuil, allot ' phs are initially the dominant mo 
inte al of reaction time durir which 
ire the most ry tant morphol 
‘ the it int of thicken Vhich oeccul 
tave of the transformation nereuse 

ith increasing temperature 

The thickening of allotriomorpt it temperature 
of 600 © and above not halted when the proportion 
ol in the maicrostructure become constant, as in 
dicated by comparison of Fi Stand 4. At tempera 
tures below 600° C, the relatively earl ntervention 
of the euteetoid reaction and the mall size ot the 

‘ tuls tend to obseure thekening of tl po 

\ Widmanstatten deplate TRMPERATUR 
\nove 600 ¢ late row nto the nteriot 
of mati rains from the region of the grain bound 
usually fron in boundary allotriomorph 
Phi deplates normally form in groups which are 
parallel to a common habit plane in the # grain into 
thie develop, as illustrated in ) 
plates develop into both of the boundin rain 
from the allotriomorphs at some rain boundarv 
md into only one # ain from the allotrromorph 
at other boundari nt a few rov of allot 
morpl clepoliate do not form even at compara 
tivel late in the transformation At 
rast ain boundars Whose orrntatior nearl 
constant deplate form parallel to onl one, 0 
occasionally two habit plane As shown in Fig. 6 
i marked change the mienta n oof a un 
banana ean chanve the habit plane of sideplate 
or even prevent completely the development of thi 
morphotlo 

Sideplates are the dominant morpholo after ay 
pore ible amounts of have formed in tuall ill 
of the rains m specimens reacted at 725 and 
¢ 675 through 625 C, there anu 
creasing tendene for inti miular plate to con 
tribute the largest proportion of a, especially in 
rains whieh are larger than average or in whicl 
one or more rain boundaries dos not se ¢ as a 
prolific source of sideplate 

Although some complexiti are involved, the 
average at early reaction time between 
diate issociated groups decrease vith de 
creasing reaction temperature The average width 
of sideplate ind apparently also the average it! 
| length itio. decrease in the temperature une 


well 


ection on 


crable 
plate 


1228 


ed sideplate 


liane 


vith the 


of poli 


broad 


d at temype 


rat 


ha 


lite 


needle like cro 


cho 


of the 


ibove 
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Hou 


ideal shape to be 


variations of 


from thi 


evolution of 


ufficiently 
The 


hape doe 


ever, deviate 
termed 


the 


deqenerate 
ideplat 


two basi 


not occur at random 
motifs normally characterize an 


ntire roup of degenerat ideplat at a grain 


whose orientation is approximately con- 
total number of different type 
limited. An individual type of 


often found repeatedly 


tant. The of degen- 
appears to be 
: In a given spe- 
different 

of de- 


reaction 


cle 
and in othe! reacted for 


ut the 


pecimen 
Some type 
enerate sideplates appear at more than one 
with the number of crystals in 


ideplate 


ame tempe¢ rature 


average 


rapidly increasing and the size 


emperature 
vroup of 


of the individual crystals rapidly decreasing as the 


temperature | reduced 
ry Ja and 7b are « xample of two of the most 
common types of degenerate ideplate formed at 


700° to 725°C. Figs. 7e and 7d show of de- 
enerate sideplate formed at 675°C, in which the 
itifs of the ponding in Fig 
id 7b have entially reproduced in min- 
ature. Further in temperature result in 
the development of additional complexities of shape 
ideplates, though the 
Ja and 7b continue 


corre tructure 


been ¢ 


reduction 


venerate 


roups of de 


types of structure shown in Fig 


to appeal 


One source of degeneracy among sideplate struc 
tures is illustrated in Fig. 7b. The sideplates in this 
field are composed of short segments. Close examina- 
tion of the individual segment uch as the one point- 


that they are com 


eparated by ata 


ed out by the arrowhead, indicate 


posed of individual beads of «a 
boundary Neither 
entative plane of polish appeat 
rows of beads. It} 


coincidence nor a nonrepre- 
to be a satisfactory 


‘ planation for these more prob- 


able that individual beads nucleated at the inter- 
phase boundari of previou lv formed beads, de- 
pite the deterrent to the nue leation of chromium- 


which 
iched in chromium to nearly the 
diagram. The 
boundari ot pre- 


poor « crystal hould be provided by region 


ol 
permitted by the 
nucleation at the interphase 
susly formed crystals of the 

identified in the proeutectoid ferrite re- 
teel and wa 


maximum 
phenomenon 


pha 


been 


pr ase ha 


tion in a plain carbon named sym- 


pathetic nucleation 


When only a 
plate 


mall proportion of the plates in a 
from grain boundary al- 


and the 


roup of 


lotriomorphs or from a # grain boundary 


Fig 2 
boundary allotno 

pet Cr. Solution an 

nealed 40 min at 

1000°C; reacted 25 
min at 725°C 

Etched in 60 pct 

glycerine, 20 pct 

HNO,, 20 pct HF 

x500 


Typical grain 
morphs of « 
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On 
| 
wh kes an appre 


Fig. 3—General view of structure shortly after metastable 
equilibrium is attained at 675°C. Ti-7.22 pet Cr. Solution 
annealed 40 min at 1000°C; reacted | hr at 675°C. Etched 
in 60 pct glycerine, 20 pct HNO,, 20 pct HF. X250. Enlarged 
approximately 10 pct for reproduction 


remainder are nucleated at the broad faces of plate 
formed, the resultant structure is termed 
a sheaf of sideplates.” Structures of this type first 
in significant numbers at 650° and are the 
ideplate formation at 625 °C. Fig 
formed at 


previously 


appeal 
dominant mode of 
7e show everal sheaves of 
650 C. The observations that these 
attain their maximum thickne at some 
grain boundary and that a number of the 
eparately re- 


sideplate 
heave 


distance 


often 


from the 
component plates of the 
indicate that the 
composed entirely of secondary 
haped single plate 
a typical group of 
individual plates are 


heaves are 


heave are neithe 


olvable 
tructure 
nor intricately 

Fig. 7f show 
plates formed at 625 C. The 
now in contact over most of their lengths, but the 
boundaries between them are sufficiently revealed 
to indicate that each sheaf is composed of many thin 
plates of varying length 

The sideplate structures presented above devel 


ideplate 


heaves of side 


oped during the early stages of the formation of a 
With increasing reaction time, drastic changes occu! 
in these structure These changes may be sum 
r ‘ nd Hastoke have pre ou ole bed these 

ene f hier ‘ of bie Wid mstatten 


marized a follow 
1) The 
crease ubstantially 
pite the fact that the 
become large! 
2) The rate of increase in the 


average between sideplate in 


pacing 
compare Figs. 3 and 4, de 


average plate thickne also 


average inte! 
which wa emiquantitativels 
ratio of the 


pacing during a given interval of reaction time to 


ideplate pacing 
assessed in terms of the increase in 
the initial spacing, increases with decreasing tem 
passes through a maximum at 650°, and 
lecreases at 625 C 

3) The perfection of shape of many sideplate 
isothermal re 


perature 


increases noticeably with increasing 


compare Figs. 7a through 7d and 8a 


uction time, 
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i 


Fig. 4--General view of structure after prolonged reaction at 
675°C Ti-7.22 pet Cr. Solution annealed 40 min at 1000°C; 
reacted 7 days at 675°C. Etched in 60 pct glycerine, 20 pct 
HNO., 20 pet HF. X250 Enlarged approximately 10 pct tor 
reproduction 


4) The connections between sideplates and al 


lotriomorph which are not too pood even during 
the early stages of reaction, are almost completely 


ral 


evered at late reaction times, Fig 

bb show the 
allotriomorph at an 
Arrowhead A points out a 
been nearly dissolved, while arrowhead B indicate 
a sideplate which appears to have been disconnected 
allotriomorph from which it developed 
isothermal 
in the in 


eparation of sideplates from 
earlier stage than in Fig. Ba 


ideplate whose base ha 


from the 
hortly before the 
reaction anneal. A protuberance remain 
of the allotriomorphic buse layer 
ideplate at arrowhead 
boundary 


termination of the 


terphase boundary 
on the side which faces the 
B, and at several other place 
At later reaction times, Fig. 8a, these protuberanc: 
largely disappear and the interphase boundaries of 
moothly shaped 
well formed 


along thi 


most allotriomorphs become 
5) At very late reaction time 
ideplates tend to break up into 
which then tend to become increasingly 
ideplate 


horter sepment 


eparated 


the more degenerate groups of apparently 


tend to break up almost completely into irregularly 


disposed platelets and idiomorph 


B. At TEMPERATURES BETWEEN 600° AND 550°C 
An unexpected change in the morphology of 
ideplates occurs when the reaction temperature 


reduced to 600 C. In addition to densely packed 
of very thin sideplate 


illustrated in Figs. 94 and 9b, be 


vroups and sheave anothes 


ideplate 


pe al 


ns to appear. These crystals develop a ingle 


plate rather than a heave etch darkly, are 
usuall much longer and thicker than ordinat 
ingle ideplate in the ame specimen, and are 
characterized by exceptional perfection and simplic 
ity of shape. Although no X-ray studies were made 


of specimens reacted in the 600° to 550°C region, a 


careful investigation by Spachner et al of the 
crystal structure of the transformation products in 
a Ti-8 pet Cr alloy 


proeutectoid phase to form above 


demonstrated that a is the only 
50 C. The blach 
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5 -Widmanstatten sideplates developed from allotrio 
morphs Ti 722 pet Cr Solution annealed 40 min at 1000°C; 
reacted 30 min at 700°C Etched in 60 pct glycerine, 20 pct 
HNO. 20 pet HF X250. Enlarged approximately 10 pet for 


reproduction 


plates j therefore presumed to be a These c1 tal 
constitute a relatively small proportion of the side 
plates formed at 600 C, Fig. 9a, are the dominant 
ideplate morpholo at 575 C, Fig. 9b, and may be 
the onl tructure to develop at 550 _ 

Phe ratio of black plates to normal « plates at a 
iven gram boundas the habit 
plune(s) to which the black plates at a boundary 
ie parallel, and the rate of nucleation of black 


particular matrix 


polite exhibit) the ume type of onmentation§ de 
clo the 
at higher temperature 
llustrated in Fig. 9b 
hy 10a show 


moa structure 


ideplates of normal « formed 


Some of these effects are 


pendenere it 


ideplates and intragranular plate 
formed at 600 C. Both black plate 
the total 
tructures constitutes nearly the 
Although 
the black plates are clearly visible, they are present 
ino much smatler quantity than the sheaves of nor 

by l0b, on the other hand, illustrating a 


al structure at a much later reaction time at 


and heave of normal « are present 
armount of theese 


metastable equilibrium proportion of 


dominated by crystal 
plate The 
not appeat 


ame temperature 
thickened blach 
blacl plate 


ch appear to be 
anved significantl but the heave of 
have disappeared. Groups of small, rather 
ero plate and occasional complex 
vroups of crystals not much thinne 
main plate have replaced the 

normal « plate 
in structure were found at 575 C 
maller amount 


temperature, however, the 


al Initially present quickly disappeared 
tructure at 550° C appeared to 


thickened 


revetion tine 


omposed entirely of hlact plate 


thinner and noticeably horter and more 

than those deve loped at 600 
lar Widmanstatten Plate Ar TEM 
H00 C Intragranulat plate 
morphologs to a 


ppeal ut sore 
above 600°C. Thi 


morphol 


temperature 
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Fig. 6—Effects of grain boundary orientation on side 
plate morphology. Ti-7.22 pct Cr. Solution annealed 40 min 
at 1000°C. reacted 2 min at 650°C. Etched in 60 pct glyc 
erine, 20 pct HNO., 20 pct HF. X500 Enlarged approxi 
mately 10 pct for reproduction 
ogy is present at all of the reaction temperature 
tudied, but it 
increases with decreasing temperature 
ular plates form a relatively small component of 
the microstructure at 725°, are prominent at 700 
to 675 C, and become the dominant morphology at 
625 to 600 C. The variations of 8 grain size within 
pecimen ufficient to demonstrat 


importance at late reaction time 


Intragran 


were 
decrease in grain ize will 


individual 
that an appreciable 
materially reduce the proportion of intragranula 
plates in the microstructure, especially at the higher 

reaction temperatur 
Intragranular plate isolated single 
plates and grouped together in sheave Single 
25° and during 


appeal a 


plate appear most frequently at 7 
the early taves of reaction at 700 C 
tructure during later 


heaves are 
the dominant intragranular 
reaction times at 700°, and at all stages of a forma 
tion within # grains at lower temperatures through 
625 C. Single plate however, are still present in 
mall number throughout thi 

Fig. lla shows part of a single intragranular plate 
formed at 700°C 
probably formed by the successive 
maller plate at the 
Fig. llbi 


magnification view of most of a 8 grain, in which 


temperature range 


Close inspection indicates that 
this plate wa 
ympathetic nucleation of 
edges of previously formed plate a low 


heaves have developed. The almo 
in the comparatively 

and the relatively 
make it highly un 


component plate of the 


a number of 
complete absence of « plate 
large spaces between the sheave 
hort lengths of the 
likely that most of the 
o close together that they are 


ide plate 


heave which are 
largely unresolved at thi 
formed by any mechanism other than 


magnification were 
ympatheti 
nucleation 

Both single plates and 
as components of larger grouping 


ometime appeal 


Known as Wid 


tructure consist of two ol! 


heave 


manstatten stars,” these 
more plates or sheaves, usually nucleated at a cen 
which are parallel to different matrix 

Additional plates or f plate 


tral locu 


habit plane 
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Fig. 7—Ti-7.22 pct Cr, solution annealed 40 min at 1000°C 
a to d) Degenerate sideplates. e,f) Sheaves of sideplates 
a) 725°C for 6 hr. X500. b) 700°C for 30 min. X250 
c) 675°C for 15 min. X1000. d) 675°C for 30 min. X500 
e) 650°C for 1 min. X1000. f) 625°C for 10 min. X1000 
Etched in 60 pct glycerine, 20 pct HNO,, 20 pct HF. En 
larged approximately 10 pct for reproduction 


ympathetically nucleated, at their edge 
of component 


are often 
against the broad face 
of the star 

Fig. lle, taken for convenience from a 
reacted at 600°C, shows a complex Widmanstatten 
tar composed largely of single plate Fig. Illd 
hows a star of sheaves formed at 650 C. Both type 
of star appear in noticeable numbers at 650°C and 
heaves are found with notice 


and the edge 


pecimen 


below, but stars of 
ably greater frequency than stars of single plat 
Ideally, a sheaf of intragranular plates should be 
composed of a number of well formed, parallel 
approximately equal thickness, with 
lengths decreasing slowly from the center to the 
edge of the sheaf; the broad face of adjacent 
plate hould be in contact over most of thei 
lengths. It 1 however, that 
deviations from thi 
rather than the exception. A 
erate sideplates, the deviations are both 


plate of 


found experimentally 
ideal morphology are the rule 
in the case of degen 
tematic 
and repetitive 
Fig lle how 
common types of intragranular sheaf. Two com 
paratively thick outer plates, concave in shape and 
not well formed, enclose many very thin, closely 
Fig. 11f show 
found type of 


an example of one of the more 


packed, and highly degenerate plate 
an example of another frequently 
intragranular sheaf. Close examination indicate 
that this structure | 
thin, hort plate 
result of frequent 
The effects of continued annealing at the tem 
tructure 


largely composed of numerou 
intricately interconnected as a 


ympathetic nucleation 


perature of isothermal reaction upon the 
of sheaves are largely similar to those prev 
isted for sideplate The 


on intragranular sheaves differ 


lously 
effect of reaction time 


from the effects on 


ideplates in only One important respect: the rate 


of increase in the average interplate pacin 


intragranular sheave increases continuously witl 


increasing temperature 
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Fig. 8—Ti-7.22 pct Cr, solution annealed 40 min at 1000°C 
a) Increased perfection of sideplates at late reaction time, 
reacted 15 days at 650°C X500 b) Dissolution of junctions 
between sideplates and allotriomorphs; reacted 3 days at 
650°C. X1000 Etched in 60 pct glycerine, 20 pet HNO,, 
20 pct HF. Enlarged approximately 10 pct tor reproduction 


BETWEEN 600° AND 550°C 
hortly after 


A. TEMPERATURES 


Intragranular plates begin to form 


appear at 600° and 575 C and soon be 


ideplat 
come the dominant morphology 
the rapid ideplate at 
aries tend 
of intragranular precipitation 

As in the case of sideplate structure 
begin to appear intragranularly at 600°C. At thi 
heaves of 


At 550 however, 
formation of ubbound 


to obsecure, and reduce the importance 


black plate ; 


temperature, they are intermixed with 
normal a, Fig. 2a. A higher magnification view of 
a typical mixed structure } hown in Fig. 12b. The 
largest Widmanstatten star in this field appears to 
nucleation of 
plate 


have developed by the sympathetue 
heaves of normal about a central black 
Othe in this field, however, are appar 
ently composed entirely of either black plates o1 
normal «. Evidently intragranular precipitation at 
600 C can be initiated by either type of plate 

At 575 C, black plates become the dominant, and 
almost the only, intragranular morphology. Unlike 
normal «a, the black plate heave A 
illustrated in Fig. 1l2c, these plates tend to appear 
ingly or in small, simple grouping check 
in the # grain a 


tructure 


do not form 


uch a 
and triangle Subboundar 
well a 
role in the formation of these grouping 

previously given of the 
in thi 


ympathetic nucleation, appear to play a 


The summary behavior 
of sideplates at late reaction time tempera 
ture range is also applicable to intragranular plate 

Although a detailed discussion of all 
morphologies of 


Discu ion 
of the 
proeutes toid 


individual features of the 
cannot be attempted here," an in 


« feature has been provided 


of these structures may be ob 


comparison of the 


ight into the origin 
tained by morphologies with 
those of proeutectoid ferrite, a 


bon, hypoeutectoid steel QOutwardly, the two re 


formed in plain car 
differ in several basic aspect the type of 


action 
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| 
| . 
= 
n ref. 13 © discu n of the 


rystal structures of 
phases, and the dif- 
racteristi of the ol- 


morphologies of pro 


und the preci 


yroeutectoid ferrite, however, have 
portant feature in common: the 
tai lu 


ip tute 


ication system is ap 
the orentation depend- 
those of 
ideplates and 


plate are the ame a 
ite and sheaves of 
heaves develop at lower tempera- 
allo ysten These 


‘ that the hape of precipitate 


fundamental 


arpely controlled by general fac- 
the individual characteristics of 
terms. It has been suggested that 
ites at which precipitates nu 
rational characteristies of the in 
Which enclose them are the 
of these factor 


ver ome difference between 


ferrite reaction which require 
detail of devenerate a 

differ 
ferrite ice 
heave This differ 


lee Kpected Devenerate plate 


ideplate 
ular plate tructure appre 
of devenerute 


ntravranulas 


ult, in part, from the disrup 

of the interfacial 
plate by 
consequent alteration of the mi 
racteristices of the affected area The 


tribution of theses 


tructure of the 


volume transformation 


train Is con 
tual of a given shape, by the volume 

with the individual 
onstants (at a iven reaction tem 

ture) of the phase involved toth of these fac 
different ystem The 


nucleation 


reaction 


i marked! 


it whieh mpathetr another 


Fig 9% Ti 7.22 pet Cr, solution annealed 40 min at 1000°C 
a) Sheaves of normal « and black plates, reacted 3 min at 
600°C X1000 b) Different proportions of black plates and 
normal on opposite sides of grain boundary; reacted | 
min at 575°C X500. Etched in 60 pct glycerine, 20 pct 
HNO., 20 pet HF. Enlarged approximately 10 pct tor repro 


duction 
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ource of degeneracy, will be most likely to occur 
hould also be influenced by the local changes in in- 


terfacial structure and energy produced by trans- 

train 
The black plate 

counterpart in hypoeutectoid steels. Thi 
both unexpected and unexplained 
Two additional differences between the a and the 


appear to be more of degree than 


formation 
have no 
difference 


formed in Ti-Cr alloy 


ferrite reaction 

of kind The 

transus required to form large numbers o 
‘ 


amount of undercooling below the 
f plate ol 
much le in Ti-7.22 pet Cr 
tee! Grain boundary al- 


heave of plate i 

than in hypoeutectoid 
lotriomorphs are thus not the dominant « morphol- 
even at temperature 
allotrio- 


ogy at late reaction time 


near the transus; in hypoeutectoid steel 
morphs are the dominant, and often almost the 
only, ferrite morphology present over an appreci- 
able range of undercooling 

which take place in the « plate mor 
might also occu! 


The change 
phologies at late reaction time 
in ferrite plates formed in plain carbon steels 1f 
these morphologie ce veloped more readily at tem- 
above the eutectoid or if pearlite did not 
below the eutectoid 


The nature of the changes previously listed strongly 


perature 
form so rapidly at temperature 
indicates that the minimization of interphase inter 
facial free energy is the driving force for these 
changes. High energy interfaces, such as the edge 
of plates, iwregularits 
and the junctions between sideplates and allotrio 
morphs will thus tend to be dissolved, with the 
being attacked more 


in the broad faces of plate 


more sharply curved interface 
rapidly. Simultaneously, the low energy interface 
uch as the dislocation facets in the broad faces of 
plate will tend to increase in area and to migrate 
normal to themselves into the surrounding £ 

The rate at which the intersideplat 


hould rise with increasing degeneracy 


pacing 


Fig. 10—Ti-7.22 pct Cr, solution annealed 40 min at 1000°C 
a) Black plates and normal « at a comparatively early 
reaction time; reacted 7 min at 600°C b) Black plates, 
appreciably thickened, become the dominant structure; re 
acted for 3 days at 600°C. Etched in 60 pct glycerine, 20 
pct HNO,, 20 pct HF. X500. Enlarged approximately 10 pct 
for reproduction 
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Hid solution involved, the 
eutectoid and | 
lieable to both prec 
oeutectoid 
tes cathe thor 
important 
re Ow 
mia 
ie Considers 
tion of port 
tues 
riatior 


the sideplates, decreasing plate thickness, decreas 
ing initial interplate spacing, and increasing diffu- 
ivities of titanium and chromium atoms. In the 
temperature range between 725° and 625°C, all of 
these factors but the diffusivities become more fa- 
vorable with decreasing temperature. The maximum 
in the rate of increase of the interplate spacing 
which is accordingly to be expected was found ex- 
perimentally at about 650°C. The continuous rise in 
the rate of increase of the interplate spacing of in- 


tragranular sheaves with increasing temperature is 


presumably due to the circumstance that the initial 


interplate spacing in sheaves does not vary mark- 
edly with temperature 

The Eutectoid Reaction—Mechanism: The mech- 
anism of the eutectoid reaction was studied in speci- 
mens of iodide Ti-7.22 pet Cr reacted in the range 
between 650° and 550 C and in specimens of sponge 
T1-10.94 pet Cr reacted at 650°C. The latter alloy 
was employed because its higher chromium and 
oxygen contents accelerate the eutectoid reaction’ 
ufficiently to permit virtually the full course of 
this reaction to be followed conveniently at 650°C, a 
temperature at which the size of the TiCr, crystals 
is relatively large. No important differences were 
found in the nature of the eutectoid reaction in the 
two alloy 

The eutectoid reaction begins with the precipita- 
tion of TiCr, erystals at @ allotriomorphs, Fig. 13a 
The TiCr, crystals are readily identified by the high 
etching rates of their interphase boundaries. An ex- 
tended study was made of the locations of TiC: 
crystals formed at the earliest stages of reaction 
As illustrated in Fig. 13a, most of these crystals are 
found at the following location 1) almost entirely 
in at a: boundari 2) about equally in and 
at «a: boundaries; and 3) almost entirely in a at 

boundart Few crystals were found wholly 


Fig. 11—Ti-7.22 pct Cr, solution annealed 40 min at 1000°C 
a) Segmented intragranular plate; reacted 4 hr at 700°C 
X500. b) Intragranular sheaves; reacted 7 min at 650°C 
X250. c) Star of single plates; reacted 7 min at 600°C 
X1000. d) Stor of sheaves; reacted 10 min at 650°C. X500 
e) Complex intragranular sheaf; reacted 10 min at 650°C 
X1000. f) Another type of complex intragranular sheaf; 
reacted 30 min at 650°C. X1000 
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and deeply imbedded within «a. It will shortly be 
shown that appreciable numbers of TiCr, crystal 
do not appear in the initially unblemished areas of 
proeutectoid « at a later stage in the transformation 
The simplest and perhaps the most probable con 
clusion which may be drawn from this evidence 1 
that the eutectoid reaction begins with the precipi 
tation of TiC: 
known, though presumably small, amount of TiC! 
precipitating in a. (Structures No. 2 and 3, above 
are thus considered to be the result of displacement 
of the a:f8 boundaries with respect to stationary 
TiCr, crystals. ) 

The next step in the eutectoid reaction | 
1) the nucleation of new a erystals at #: TiC: 
boundaries; or 2) the resumption of the migration 
of the proeutectoid a boundaries into Fig. 
The evidence available is insufficient to permit a de 
cision to be made as to the operative mechanism. In 
either case, the a formed as a result of the prior nu 
cleation of TiCr, will be termed eutectoid a. A 
shown in Fig. 13b, further precipitation of TiCr, oc 
curs preferentially at B: cutectoid a boundaries and 
results in the formation of additional eutectoid « 
into the un 


in 8 at a: f boundaries, with an un 


either 


The composite structure thus advance 
transformed £8 by the successive precipitation of 
TiCr, and of « from p 

Fig. l3b indicates that the growth of eutectoid 
a is roughly isotropic, in marked contrast to that of 
indicated in Fig. Ida, however 
often 


proeutectoid «a. A 
the steric interference of 
markedly affects the morphology of eutectoid « 

Fig. 14b shows that the rates of the eutectoid re 
action can vary appreciably at different 
boundari 

The structure and sugpest 
that eutectoid «@ may absorb, in some way, the pre 


proeutectoid 


hown in Fig 


viously formed proeutectoid «, as previously sup 


> 


Fig. 12—Ti-7.22 pct Cr, solution annealed 40 min at 1000°C 
a) Mixed intragranular black plates and sheaves of normal 
a; reacted 3 min at 600°C. X500. b) Widmanstatten star 
formed about a black plate, and structures composed en 
tirely of either black plotes or normal «,; reacted 3 min at 
600°C. X1000. Configurations of intragranular black 
plates; reacted 10 sec at 575°C X500 Etched in 60 pct 
glycerine, 20 pct HNO,, 20 pet HF. Enlarged approximately 
15 pct for reproduction 
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Fig 13--T1 1094 pet Cr, solution annealed 40 min at 
1000°C a) Precipitation of TiCr. largely in ji at interphase 
allotriomorphs, reacted 12 hr at 650°C 
b) Formation of TiCr primarily in association with eutec 
toid «; reacted | day at 650°C Etched lightly in 60 pct 
glycerine, 20 pet HNO, 20 pct HF. X1000 Enlarged ap 


prommately 15 pet for reproduction 


boundaries of 


ted b frost et al)” and Rostoke 15, how 
ever, wd that proeutectoid «a probably not 
absorbed ulfed. The zes of the in 
dividual TiCr, crystals and the ree «a path 


the eutectoid «© are much reduced in con equence ot 


merely en 


the lower reaction temperature (600 C), permittin 
the preservation of the thickened black plates and 
Hlotriomorph Which comprise most of the pro 
eutectoid component of this structure, to be readily 
established 
Intragranularl thie 
much later than at the rain boundarw 
onof Fi and I6a and of and in 


cheats howevel that the basic mechanism 1 the 


eutectoid reaction begin 


Compart 


At late reaction time the continued growth of 
nucleated intragranularly and 


etutectoid tructure 


at grain boundary allotriomorp! lowly transform 
the remaining # In the 10.94 pet Cr alloy, the re 
action is more than 95 pet complete after 29 days of 
reaction at 650 C 

Kinete The initial stage of the eutectoid reaction 
the precipitation of TiCr, at « allotriomorphs, de 
velop o slowl especially at) temperature neal 
the euteectord, that the 


eriterion tor the begining of the reaction nec 


election reproducible 


arily involves the use of a somewhat later stag 
the transformation. The initial appearance of 
cattering of closely packed rows of TiCr, crystal 
wus found to be suitable for this purpose. Fy 
hows the TTT-curve obtained on this basis for the 
alloy 

view of the unexpected change in the shape 
of thi which oceut at 600 C. additional 
eries of specimens were reacted at 562° and 587 C 
A hown in Fi 1, the results of the ‘ reat 
ments are consistent with ’ previ y pel 


curve 


formed 
Discu ion Frost et al. have hown thi 


mation of TiCr, is accompanied by a decre: in the 
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chromium content of the untransformed £, indicat- 
ing that TiCr, precipitates from £. Rostoker* ha 
uggested§ that convert 
nominally binary Ti-Cr alloy 

tems and that TiCr, may precipitate from a a 


impurity element may 


into polycomponent 


the composition of the a changes in conjunction with 
placement of the three-phase field a + 8 + TiCr 
results of the present investigation are in agree- 
nt with those of Frost and co-worker! 

The markedly higher rates of nucleation of TiC: 
at the interphase boundaries of grain boundary al- 
lotriomorphs, as compared with those at the bound- 
aries of sideplates and intragranular plates, are 
readily explained on the basis of the different pro- 
portion of high interfacial free energy facets in these 
Inasmuch as allotriomorphs are com- 
pelled to follow the paths of the grain boundari 
the proportion of high energy facets in the bound- 
aries of allotriomorphs will tend to be considerably 


boundart 


treater than in sideplates or in intragranular plate 

Since heterogeneous nucleation theory predicts that 
the rate of nucleation will increase very rapidly a 
the energy of the nucleation site 1 
observed dependence of the nucleation rates of 


increased,” the 


TiCr, upon «# morphology is consistent with theory 


Summary 


The morphologies and mechanisms of the pro- 


eutectoid « and eutectoid reactions have been in- 
vestigated in an iodide Ti-7.22 pet Cr alloy in the 
"9 


5 and 550°C; supple- 
were performed on the eutectoid 
ponge Ti-10.94 pet Ci 


temperature range between 7 
mentar' tudu 
reaction in specimens of a 
alloy reacted at 650°C 

The morphological classification scheme devised 
by Dube for the proeutectoid ferrite reaction in 
found to be applicable to 
Many of the 


characteristics of the individual @ morphologie 


plain carbon teel Wa 


the morphologic of proeutectoid a 


b 


Fig 14—T:1094 pet Cr, solution annealed 40 min at 
1000°C a) Steric interference of proeutectoid « with growth 
of eutectoid «; reacted 2 days at 650°C. X1000. b) Illus 
tration of the marked difference in rates of the eutectoid 
reaction at different grain boundaries; reacted 8 hr at 
650°C. X250. Etched lightly in 60 pct glycerine, 20 pct 
HNO,, 20 pct HF. Enlarged approximately 15 pct for repro 
duction 
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Fig. 15—Ti-7.22 pet Cr, solution annealed 40 min at 1000°C 

Evidence for the failure of eutectoid « to absorb proeutectoid 
- reacted 5 days at 600°C. Etched lightly in 60 pct glycer 

ine, 20 pet HNO,, 20 pct HF. X500. Enlarged approximately 
10 pct for reproduction 


were observed to be the same as those of ferrite 
These observations provide evidence to show that 
the shape of a precipitate crystal may be controlled 


rather than 


primarily by generally operative factor 
by the particular characteristics of an individual 


alloy system 

The following are some of the more important 
characteristics of the various a morphologie 

1) Grain boundary allotriomorphs are present at 
all reaction temperatures studied but are never the 
dominant morphology at late reaction times. The a 
allotriomorphs continue to thicken even after the 
metastable equilibrium proportion of a has formed 

2) Widmanstatten sideplates are the dominant 
morphology at late reaction times between 725 
and 675 C. The erystals are often degenerate in 
hape, but the description of the degeneracy evolved 
tends to remain constant at a grain boundary whose 
orrentation 1 approximately constant Sideplate 
often appear in sheaves at 625° and 600°C. At 600°C 
a new type of « sideplate 
hape, and initially 

the type of side 


and lower temperatures, 
long lendet 
dark etching 
plate formed at higher temperatures 

are dominant at late re- 


nearly perfect in 
increasingly replace 


3) Intragranular plate 
at 650° to 550 C. These plates also ap- 
pear frequently in sheaves. The 
characteristically degenerate. Black plates also be- 
intragranularly at 


action time 
heaves are often 
yin to replace normal a plate 
600 C 

The following 
of the eutectoid reaction at all of the reaction tem- 


equence describes the mechanism 
perature tudied 

1) TiCr, erystals nucleate initially at a@ allotrio 
morphs, later at « plates. It was deduced that most 
of these crystals nucleate in at a: boundari 

2) The growth of a is resumed (or new a crystal 
nucleate) and the TiCr, crystal 
are engulfed 

3) TiCr, crystals then nucleate preferentially at 
boundaries of the newly formed a 


originally formed 


the interphase 
resulting in further growth of the a crystal 
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Fig. 16—Ti-10.94 

pct Cr, solution an 

nealed 40 min at 

1000°C. a) Nuclea 

tion sites of TiCr 

formed at intragran 

ular « plates; re 

acted 3 days at 

650°C. X500. b) 

Formation of eutec 

toid nodule intra 
granularly; reacted 

2 days at 650°C 

X1000. Etched light 

ly in 60 pct glycer 

ine, 20 pct HNO,, b 
20 pct HF. Enlarged 
approximately 10 pct 

for reproduction 
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The Uranium-Silicon Epsilon Phase 


The properties of the U-Si « phase have been investigated, with emphasis on the 
means of obtaining material resistant to corrosion in water. Evidence is presented that 
the corrosion resistance depends on the absence of phases other than « and that the de- 
sired « phase has a silicon content in the range of 3.9 to 4.0 wt pct, rather than the 3.78 
wt pct of stoichiometric U.Si. It was necessary to develop an analytical method to over- 
come the apparently low silicon content found in this system under certain conditions. At- 
tempts to fabricate this alloy were devoted primarily to coextrusion with Zircaloy-2. 
Extrusion constants are reported 


by S. Isserow 


pee NTLY, a description of the wartime work carbon content low enough (about 500 ppm) wa 
in th 


us laboratory on the U-Si phase diagram mastered. The alloy was bottom-poured at about 
was published’ This diagram was available earlhet 1650°C into graphite mold A few small button 
in the open literature, as were Zachariasen’s crystal weighing no more than 50 g, were prepared in a 
tructure identifications for the compounds in the mall are melting unit 
tem. The uranium end of the phase diagram 1 Since cast material has a preponderance of ura- 
hown in Fig. 1. The most recent work on this sy nium and U,Si., heat treatment is necessary to ob- 
tem has emphasized the peritectoid « phase, of pat tain the « phase by the solid-solid peritectoid reac- 
ticular interest for a number of reasons. The early tion. Once obtained, the « phase is stable to room 
vork provided evidence of this phase’s resistance to temperature, obviating the need for special atten- 
corrosion in water and of it heht ductility. Fur tion to the method of cooling after epsilonization, 
ther information on these properties has been ob ee Fig. 1. It was found desirable to epsilonize at 
tamed here, Work elsewhere’ has provided evidence 800 C for a week. For some purposes, in which 
of stability under irradiation. This body-centered residual uranium and/or U.S. are tolerable, shorte: 
tetrazonal phase is relatively isotropic compared to periods may be adequate. The temperature of 800°C 
the more usually applied « o1 uranium phase is not critical, since essentially the same results were 


Unlike the other compounds in thi ystem, it con obtained from 785° to 825 C. Further departure 


tuins no Si-Si covalent bond In addition, consid from this epsilonization range is inadvisable 


eration on the basis of Pauling'’s concepts leads to 
the conclusion that in the « pha ‘ uranium ha a 
Silicon Weignt % 
higher valence than in any of the other phase . 4 ay 4 


Definition of the composition of the « phase ha 


been of prime concern in the study of this alloy 600} LJ 

is presented below that it ilicon content 

hehtly higher than that of stoichiometric 

the composition frequently assigned this phase on 400} 

the basis of Zachariasen’s identification. This work 

on the composition required careful attention to the — ee 

method of dissolving the alloy for analysi net 

apparently low silicon contents could be found un ye pad + 

der certain condition ec Appendix j 
Preparation: Melting, Casting, and Heat Treat- | 

ment Almost all the samples were from cast + US, 

mi with a diameter of 1% or 2 in. and about 1 - ” 3 9 

ft long, weiehing 10 to 15 Ib The U-Si charge 

was melted by heating to about 1650°C in an in €+U, 

duction heated vacuum furnace. Beryllia crucible , 

were used at first, but were replaced by zirconia enh oe 

washed graphite as the technique of keeping the 


§ ISSEROW is associated with Nuclear Metals Inc, Cambridge 
Mass 
TP 4578E Manuscript, Sept 28, 1956 Fig. 1—U-Si phase diagram 


Silicon Atomic % 
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Attempts to find means of promoting epsiloniza- 
tion were unsuccessful. They were based on the 
presumed facilitation of the solid-solid reaction by 
Extrusion of the casting before 
intermediate 


grain refinement 
heat treatment or extrusion as an 
tage between two heat treatments did not improve 
the product of the final heat treatment. Deliberate 
de-epsilonization did not generate fine uranium and 
U,Si. for more complete reaction in the final epsilon- 
The uranium agglomerated, as it does dur- 
zones of cast 


ization 
ing epsilonization in the eutectic 
material 

Since the formation of « by the peritectoid reaction 
involves a volume decrease, application of pressure 
would be expected to promote epsilonization. No 
experimental data are available on such attempts 

Composition and Corrosion Resistance -When 
adequately heat treated, material of suitable com- 
withstands attack by high temperature 
water. In this work the test medium was degassed 
distilled water at 500° F (680 psi) or 650° F (2200 psi) 
Uniform attack at rates of about 50 and 1000 mg per 
q em per month respectively were observed. (In 
everal tests in 750°F steam at 1500 psi, the alloy 
crumbled as a result of severe attack.) Unalloyed 
uranium is attacked at a rate of about 1000 mg per 
q em per month by boiling distilled water (212°F) 

The crucial problem is the establishment of the 
existence range of the « phase. The narrowness of 
this range justifies the use of a vertical line in the 


position 


; 
2 


usual phase diagram, but evidence was obtained that 
the silicon content is higher than that of stoichio- 
metrie U,Si. This narrow range makes it difficult to 
achieve completely epsilonized material Even at 
the required mall but significant 
amounts of free uranium and U,Si, are likely to be 
retained near each other, Fig. 2, because of the small 
concentration gradient in the « separating these two 


composition, 


pha es 

The establishment of the 
made difficult by two factor 
have composition variations as high as 0.3 wt pet 
Si so that, after epsilonization, even a sample shorter 
than 1 in. can show considerable variation in corro- 
ion resistance from one end to the other, This 
variation makes it difficult to use the analyses of 
portions of a billet to determine the composition of 
a sample of known metallography or corrosion re 
istance from that billet. The more subtle second 
difficulty can be overcome by modification of the 
analytical procedure, see Appendix. Unless the al- 
loy is epsilonized or oxidized before solution in acid 
for analysis, everal tenth 
of a percent are likely to be observed. When not in 
the « phase, the alloy can evolve volatile silane 
during direct solution in acid 

The definition of the composition of «© was ad- 
vanced by the establishment of the relation between 
the alloy’s metallographic purity and its corrosion 
resistance. The expectation that residual uranium 


silicon content of « wa 
First, cast alloys may 


silicon contents low by 


Fig. 2—U-Si alloy UA148 (3.9. wt pct Si) heat treated seven days at 800°C. Electropolished in 10:1 acetic acid/perchloric acid 
Bright light, « matrix, light phase U,Si., dark phase -U. a) X100 b) X500 Enlarged approximately 15 pct for reproduction 


Fig 3—Effect of non-« phases (U, U.Si.) on corrosion of alloy in 500°F water for 100 days. a) X500 b) 


mately |5 pct for reproduction 
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on corrosion of « alloy in 650°F water for about 40 days. a) LEFT: Corner. X50. RIGHT 


Center X100 b) LEFT Corner X50 RIGHT. Center X100. Enlarged approximately 15 pct tor reproduction 


Fig. Effect of non-« phases (U, 
both having inferior resistance, would im 
f 7 orrosion resistance of the « was borne out 
ition of samples of own corrosion ni 
and 4 provide examples of 500° and 
urple respectively, which show the sensi 
- ity of the alloy corrosion resistance to retained 
ianium and U.Si, especially when these non-e 
phrase ire coarse 
With the method of analysis modified to overcome 
low iheon value previously obtained for non-e 
al.oit wa po ible to evaluate the composition 
billet il it affected the metallography 
7 istance of samples from these bil 
evaluation wa ipplemented by the 
of sample ifter corrosion re 
: been established. For this application 
ivy, In some case to crop samples of 
: corrosion resistance to isolate the por 
ion havin ood corrosion resistance and confirm 
its behavior before analysi This evaluation led to 
: the establishment of the range of 3.9 to 4.0 wt pet 
for the « phase The icon content is thu if 
‘ ificantly higher than for stoichiometric U,Si. Sup 
port for this high silicon content was obtained by 
: inalysis of metallographically pure « sample \ 
ection of an are-melted button had been found to 
= have a concentration radient which left a band of 
mnndwiched between zone containing an 
of uranium or U.S. resp ively, Fi » Met 
¢ allographic examinations of other faces of the 


irvey oO thi band and the 
isolation of a 120 n an for analy Thi 
found to contain 3.97 w Si. (The 


rbon content of the button was 85 4 


button permitted a 


le Wal 


wherea 


1238—JOURNAL OF METALS, OCTOBER 1957 


the range of carbon content of the cast material 1 
about 500 ppm.) 

Physical and Mechanical Properties The earlie: 
work provided information on such properties as 
trength, and ther- 
mal conductivity. In spite of the advance in the 


density, hardne compressive 


technology of preparation, further investigation of 
The results of 


are recorded here 


these properties was not undertaken 
ome exploratory test 
Tensile tests of an extruded and machined rod 
ave about 100,000 psi as the ultimate 


a proportional limit of about 60,000 psi 


trength and 
The value 
obtained after annealing were about 60 pet of these 


Fig 5—Section of arc-melted U-Si button, heat treated 7 
days at 800°C. Clear section isolated and found to contain 
3.97 wt pet Si X50 
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Fig. 6—Longitudinal section of coextruded rod 8355 from billet UAI48, see Fig. 2. a) Near edge (clad on left) b) Near center 


X100. Enlarged approximately 15 pct for reproduction 


The total elongation was about 1 pet. The 
near 22,500,000 psi 


coefficients of 


value 
elastic modulus wa 

The following 
from room temperature to the specified temperature 
were obtained in the course of the investigation of 
dilatometry as a means of detecting free uranium 
a ~10°—12, 300°C; 14, 600°C; and 16, 800°C. The lin- 
ear expansion on de-epsilonization is about 1.7 pet 

The electrical resistivity of « was found to be 55 


overall expansion 


microhm-cm at room temperature 
Considerable effort was devoted to the develop- 
ment of techniques for the extrusion of the « alloy, 
notably coextrusion with Zircaloy-2. Temperature 
1560 F were not considered because of pos- 
At 1500° or 1560 
about 45,000 psi. In 


ibove 
ible peritectoid decomposition 
the extrusion constant K* is 


= as R where P the ” ire, determined fro 
‘ the niti ire md Hi the ratio of the initial t 


the range of 1400 to 1450 F, this constant is in- 
55,000 psi. Further reduction of 
causes a sharper increase in the 
70,000 psi 


creased to about 
the temperature 
constant: at 1350 F, 

In the course of extrusion, uranium 
the alloy tringer These 
more likely to be observed near the ax) 
than at the edges, Fig. 6. They provide a corrosion 
path when the specimen is tested in such a way that 
the axial region is exposed to the corrosive medium 
e.g rods with flat ends. This attack can lead to 
plitting of the rods in spite of the excellent resist- 
ance of the cylindrical surface 

Coextrusion with zirconium or it 
to interaction between the U-Si alloy 
zirconium of the cladding. The formation of inter- 
mediate layers is illustrated in Fig. 6a 

It is well to recall that the alloy can be machined 
after 


it exceed 
retained in 
tringer are 

of the rod 


generate 


alloys can lead 


core and the 


fairly readily either before or epsilonization 


Appendix—Analytical Method: Elimination Of 
Sensitivity To Phases Present 
After the alloy is dissolved in nitric acid to which 


hydrofluoric acid is added, silicon is determined col- 


orimetrically by reduction of the silicomolybdat: 
complex. The reliability of the colorimetric method 


against the gravimetric method in 


determined by weight difference 


was checked 
which SiO, 1 
volatilization with HF 

As an outgrowth of the analyses of 
istance, it wa 


Upon 


amples of 
that 
alloys consisting of 


established corrosion re found 
were obtained for 
uranium and U,Si, than for alloys in which « pre 
dominated. This sensitivity of apparent 
tent was first demonstrated by comparison of three 
mall adjoining from only 
the middle piece being epsilonized before 
Confirmation of the effect of the phases was ob 
of three 
been epsilonized 


lower result 
iheon con 


pieces everal casting 


analysi 


ample 
with 
(posi 


tained in analyses of set adjoining 
all of which had 
the middle sample then being deliberately de 
lonized at 950°C 

It was then established that this sensitivity to the 
phases is eliminated by oxidation at 
500 C before di 
of three 
ent phase from the 
tion eliminated the difference 
For epsilonized material, the 
with or without atmospheric oxida 


tovether, 


atmospheru 
olution in acid. In analyses of set 
amples with the central piece in a differ 
outside pieces, this prior oxida 
between « and notine 
material ame result 
were obtained 
acid Lasse of iheon on 
attributed to 
ignition of such vola 


these alloys are 


tion before solution in 


direct solution of non-e material are 


ilane The 
observed 


volatilization of 


tilized thane when 


dissolved in other mineral acid 
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Misfit Strain Energy in the Au-Cu System 


Misfit strain energy has been calculated for the AuCu lattice from interatomic dis- 
tances and the Morse function; the calculations give results of the same order of mag- 
nitude as calculations from elasticity theory. It is shown that electronic rearrangements 
occur during uniaxial tension, greatly reducing the strain energy from that calculated 
by ordinary methods. The theory of Pauling is applied and the electronic rearrange- 
ments derived from this theory reduce the strain energy to small values. This is not true, 
however, in other lattices. An explanation is advanced as to why Au-Cu alloys form more 
exothermically than Au-Ag alloys. 


by Ralph Hultgren 


| N solid solutions atoms of differing sizes occupy It is still assumed that equilibrium bond length 
7 the “me ot tlulline lattice, requirir that sore and elastic properties of the bonds are the ame in 
7 of them be compre ed and othe expanded The the alloy as in the pure metal A previou ly di 
energy involved has been called misfit strain energy cussed, this is probably not correct. Also assumed 1 
und is an important concept of erystal chemistry that the bonds are not affected by strain of neigh 
If the atomic sizes and elastic constants of inte boring bond A calculation of Young's modulu 
itomic bonds are known, the misfit energy may be from compressibility data shows this to be far from 
eaulcoulated provided certai implifying assump true extensive electron rearrangement take 
: tions are allowable. Usually, isotropic crystals are place. It would seem that misfit energy cannot be 
- assumed and interatomic distances are taken to be calculated from elasticity data for the element 
' the statistical averayve determined from X-ray dif The usual methods may, however, give an uppe! 
; fraction. Such caleulations yield values of the misfit limit which is often much higher than the true 
! ener of the order of Ll or 2 keal per atom in alloy value 
: ich as Au-Cu at compositions of 50 atomic pet The question of electronic rearrangement ts, of 
; However, evidence has accumulated in recent course, a complex one Pauling’s theory give a 
: times that atoms change their sizes with composition imple, approximate treatment of the relation be 
- of alloy unplying electronic rearrangement of the tween type of bond and bond distance. This ha 
: bond The ive chanve have been found parti been apphed with some succe to the Au-Cu 
larly by applieation of the X-ray method devel tem, as will be shown in a later section 
oped by Warren Averbach, and Robert Thu 
eran A Flinn, and Cohen’ determined radit in Misfit Energy in Au-Cu Alloys 
: Au-Cu alloys. Oriani’ showed that these new radii Hume-Rothery and Raynor’ discuss the Au-Cu 
led to a calculated misfit energy in disordered AuCu ystem as a type example of strain energy. The gold 
which was decreased from the values calculated by utom is 12.8 pet larger in diameter than the copper 
the usual theory more than twenty-fold. to only 80 atom, near the size factor limit beyond which solid 
: cal per g atom. Thermodynamic calculations from olubility 1 everely restricted. They therefore 
: the phase diagram’ also show misfit energy to be no consider the misfit energy to be large, a conclusion 
é more than a few hundred calories per ¢ atom in thi for which they beleve they find evidence in the 
- alloys phase diagram. Gold and copper are completely 
. miscible in the solid state, but the alloy has a mini- 


The question of what electronic rearrangement 


mum melting point at an intermediate composition 
From this Hume-Rothery and Raynor conclude that 
the strain energy is nearly large enough to prevent 


ure possible therefore become compelling in esti 


mating mistt energy. In the following paves the re 


ults of certain calculations on the AuCu tetragonal 


: sperlattice are submitted. Conclusions drawn from miscibility; the phase diagram tends toward a eutec- 

: these hould be applicable in large de ee to di tic type. In Ag-Cu, which has almost identical size 
ordered solid solution relationships, solid) muiuscibility is quite limited 

As in all ordered states. bonding distances in the whereas in Au-Ag, where atomic sizes are nearly 

% uperlattice are individually known, rather than the same, there complete miscibility without a 

being merely average distances as found from lat minimum in the melting point. From their argu- 

i tice constants of disordered state Moreover. only ments the heat of formation of Au-Cu would be 

7 the Au-Au and Cu-Cu distance ire strained: the expected to be endothermic or only slightly exo- 

: elastic constants of these are known in the el thermic, that of Ag-Cu to be endothermic, and that 
- mentary state. In the usual calculation it mane of Au-Ag to be exothermic. Deviations from Ve 

ms al © a sme elastic constants for Au-Cu bond gard’s law of additivity of atomic radii support 

h Misfit energy has thus been calculable without the these conclusior ince Au-Cu and Ag-Cu_ both 
2 have pronounced positive deviations, and Au-Ag ha 


need of many simplifying assumptions usually made 


a negative dey ation 


R HULTGREN. Member AIME. is Professor of Metallurgy, Un Neverthele Au-Cu alloy form exothermically 
Fa versity of Califorma, Berkeley, Calif Contribution No 2125 from ndeed, considerably more exothermically than Au- 
the Gates and Crellin Laboratories of Chemistry, Califorma Insti Ag, Table I. Hence, strain energy must be much le 
tute of Technology, Pasadena, Calit mportant in this case than Hume-Rothery and Ray 
TP 4488E Manuscript, Sept. 10, 1956 nor have supposed 
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Calculation of Misfit Energy Assuming No Change 
in Bond Type 

The AuCu superlattice is derived from the dis- 

ordered face-centered-cubic solid solution by order- 

ing the gold and copper atoms respectively on alter- 

parallel to the cube face, Fig. 1. The 

tetragonal with the ec 


nate planes 
tructure thereby 
axis a few percent shorter than the other two. It is 
required by geometry that 


becomes 


d, d, 


whereas the distance d, may assume any value 
by adjusting the length of the c-axis. Hence, bond 
between unlike atoms may take equilibrium lengths 
and be strain-free. For experimental bond distances, 
see Table II 

The misfit energy of the superlattice would be 
calculable from the elastic constants of the bonds in 
elementary gold and copper if the bonds did not 
change their nature during alloying. As mentioned 
earlier, this a umption is not warranted, but the 
calculation should give an upper limit of the misfit 
energy 

Elastic strain 
at most to a few tenths of a percent, so that calcula- 
tions from experimental elastic constants involve a 
molecules the inter 


experimentally realizable amount 


large extrapolation. In ga 


atomic distance vs energy relationship has been 
found to obey with surprising accuracy an empirical 
function proposed by Morse. This function has been 


used in the following form 


from which the force can be derived by differentia- 


tion 
dE 
2aD| 
dd 
trained bond: D, energy 
trained bond; 


where E equals energy of 
of unstrained bond; d, bond distance, 


d,, bond distance, unstrained bond: a, constant de- 


pending on elastic propertic and F, force in 


trained bond 

Of the above quantities, D can be evaluated from 
the energy of Wase! 
and Pauling” have tabulated force constants k and k’ 
from com 


ublimation to monatomic ga 


for bonds in most metallic element 
pressibility data. The force constants may be de 


fined as follow 


D 


Expanding the Morse function in series and taking 
the first few terms gives the following expression 
valid for small values of d d 
E — D = D{a’*(d — d,) a’(d — d,)*| 

from which a can be evaluated for a typical d — d., 
uch as 0.02A, where the Morse curve fits the com 
pressibility data exactly, fitting approximately at 
other distance Values of a calculated in this man- 
ner are tabulated in Table III 

Bond energies are shown in Fig. 2 on p. 1243 a: 
a function of interatomic distance The distance at 
which the tensile stress of copper equals the com- 
pl ive stre of gold should be the distance of 
tatic balance in the lattice Thi 1 found to be 
2.794A, surprisingly close to the « kperimental di 
tance, Z8B00A At thi 
to 7.73 pet of the total energy: for 


point the strain energy of 
Coppel amount 
gold it i 2.2 pet Considering that Au-Au and 


Cu-Cu bonds each constitute one sixth of the total 
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Table |. Heats of Formation of Binary Alloys of Gold, 
Silver, and Copper 


Heat of 
bormation 
Cal per 
\u Atom 


Alloy Composition, 
Atomic Pet 


seurce of Data 


White et al 
Orr Oriani 
(ort 
torr’ 


Table Il. Interatomic Distances in Au Cu Alloys 


Atomic 
Volume 
Aw Cu-Cu Au Cu Average Cubic A 


Interatomic Distances, A 


Substance 


2 


2 800 


Table Ill. Morse Exponent a for Certain Elements 


Date 

kalo bre 

ble Dyne Dyne Keal per per 
ment per sq Cm Atom Hond 


1 oon 
118 

1175 
1075 
1405 


imteenent 


Table 1V. Calculated and Experimental Bond Distances in 
AuCu Type Superlattices 


Hond Distances 


Aand 
1-H “nn faleu 
lated 
Paper Vre Misfit 


sub Paper Addi 
mental dicted Energy 


stance mental tivity 


2 HOO 


Table V. Calculated and Observed Values of Young's 
Modulus Along c Axis 


Dyne per Sq Om 


Flement Calculated Observed 


Table Vi. Bond Distances in Au Cu Superlattices 


Distances, A 


Nut au Structure Structure 


Kond ( aleulated Experimental Caleulated Experimental 
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0 0 1100 ‘ 
0 ) ‘ordered 2150 
89 | wo ose: 
%\/2a 
Au » 799 16 962 14.587 
Cu 2 556 11 812 
AuCu ‘ordered 2 B00 2.705 2.737 14449 
AuCu ‘disordered 2740 14.455 
Au 19 154 
Cu 210 1347 
Fe 72 20° 118° 1 465° v7 0 
Co 484 137 1020 
N my 7 101 75 
41 me 152 
* Values per bond of D and k are ge for tron because its coor 
eve in le dependent on coordinati« be hown by the 
pprox ste vreement of live for iron with those of the neigh 
ing ele ent cobalt neat nicke the re ‘lt listed in 
Table IV re met ‘ tive t of nd, for these caleu 
ition the ilue of a for tron was taken to be 1.37, in lz 
with the slues for nicke 
9592 6772 2 705 2 720 2 7194 1450 
Fert 64 1759 2 695 2 650 2.72 2707 1280 
CoPt #26 2642 2 64% 2.705 2 705 11g 
#227 589 2 622 263 2 704 2.701 160 
(d d,)* 4 (a d,) FePd $727 2 68) 2 648 2726 2672 700) 
3 AITi 4006 4070 2 B56 2 2 2 002 
Au 2 0 429x10 
Cu 2 02«10 0 67«10 
Au-Au 2 809 2 Hin 
Cu-Cu 277 2 HO 2614 245) > 
AueCu 2 70) 2 705 2679 2651 


ifficient experimental 
ilts are shown in 
agreement is found 
rather large. In FePt 
Fel’d d al arger than predicted; in 
of interest to examine the bond distances 
between unlike atoms in these superlattice 
these distances j affected by geometriu 
Usuall it is felt that stronger bond 
teratomic distance for example, 
rmetallie compounds bond distance 
horter than the sum of the atomic radi, Thu 
rt bond distances may go with exothermic heat 
formation 
Thermodynamic data are available for two of the 
in Table IV. AuCu, as shown in Table I, form 
othermically and the deviation from additivity of 
It is noteworthy that consideration 
r law leads to wrong conclusions in thi 
disordered AuCu has a considerable positive 
lation from Vepard law. Oriam: (1953) found 
disordered CoPt formed endothermically, AH 
1000 cal per g atom. The ordered alloy conse 
quentl hould form with approximately zero heat 
effect, which fact coincides with the nearly additive 
interatomic distance 
r, a will be discussed later, change in 
atoms during alloying may occur in a com 
V o that a simple relationship between in 
ratomic distance and heat of formation will hardly 
expected in all ca 


Strain and Electronic Rearrangement 
Phat electronic rearrangements occur in bonds a 
trained can be shown from the relation 


oun modulus to the elastic constants of 


hvedrostati Comipere lor Durin hydrostatu com 


pre on of cubie erystal all bonds are equally 
hortened and the tendency for rearrangement of 
bonding electrons may be negligible The elastu 
constant or compre ion may therefore be taken a 
properties of bonds in ther unaltered state. In uni 
cial tensio ome bonds are hortened and some 
The LeChateles principle predict that 
bonds brought about by train will be 
uch as to weaken the stretched bonds and strengthen 
compre eal one Youn modulu ci 
culated from compressibility data should be greater 
than experimental value if there has been elec 
tronic rearrangement. Your modulus on a cubs. 
ixis can be caleulated from compressibility data 
Gunnar Bergman” of the California Institute 


t bee 


of Technology ha kindly calculated Young’ modu 
lus and finds for the e direction of face-centered 


8 a’D 
cubie metals that Young's Modulu where 
5 a 
the edve of the unit cell and the other letter 
have the same significance as previously 
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Fig. | —Crystal 
structure of AuCu 
Closed circles rep 
resent gold; open 
circles, copper 


As seen in Table V, gold and copper have experi- 
mental values far below the calculated ones, indi- 
cating considerable change has occurred in the 
bond Diamond, on the other hand, has covalent 
bonds that are the best possible sp" bonds, and elec- 
tronic rearrangement would not be expected during 
deformation. Hence, much closer agreement should 
be expected between Young's modulus as determined 
experimentally and as calculated above. Unfortu- 
nately, diamond has an open structure in which 
extensive bending of bonds may occur, so that it } 
not possible to make the above calculation without 
data on resistance to bending of the bonds. It can be 
hown. however, that the calculated value in dia- 
mond will not greatly exceed the experimental 
value, in agreement with the picture here presented 

It thus appears that bonds do change during 
training. The effect is so large that the usual cal- 
culation of misfit energy from the theory of elastic- 
ity yields results which are not even approximately 
correct, they are much too large The effect of 
atomic size on alloy formation can be predicted only 
when much more is known of the kinds of electroni 
rearrangement which occur on straining 

The only theory which simply relates type of 
bond with bond length is that of Pauling A 
traightforward application of this theory to the Au 
Cu system gives bond distances which greatly re 
duce the train energy However, the theory 1 
hown to be incomplete since it fails to predict, the 
unusual behavior of FePd, FePt, and AIT) ' 


Pauling’s Theory 

Electronic rearrangements that reduce 
ergy are a feature of the theory of Pauling 
electron transfer may be part of the electron 
arrangment. The principle of electroneutro! 
favor a transfer from the more electrone 
atom to the more electropositive on in thi 
from gold to copper. This direction of transfer 1 
also favored by the size factor ince it will reduce 
the size of the gold atom and increase that of coppe! 

According to Pauling, both gold and copper are 
nyperelectronic; they both have too many electron 
to develop the full valence of 6 found in transition 
metals adjacent to them. Loss of an electron by gold 
therefore increases it valence Moreovet the d 
character of the bond is increased, strengthening it 
and decreasing the atomic radius. Gain of an elec 
tron by copper has the opposite effect 

Transfer of about % electron from gold to copper 
will give good agreement with the facts, as will be 
hown later. This will result in bond numbers that 
are simple fractions, which has been observ 
give best agreement in other case presumabl 
cause resonance is favored by such bond number 
This amount of electron transfer is reasonable since 
the electronegativity of gold (2.5) differs from that 
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inn be tr amounts to 1350 cal per g atom. Thi 
‘ ¢ 107 i} ay 
omowhat maller than the value of 18670 cal pel 
stom calculated for disordered AuCu, by Avert 
Flinn, and Coher from elasticity theory, but wi 
n ordered state hould have a smaller strain en- Fal e Lo. e 4 
ont hie iperlattice ot tha tructure were T 
e te-* © +» 
> 
* mnt found that for bond n which electron 
‘ ‘ ent bene ed TI fu ent of the ¢ we re 
: pre bees t ‘ et t 
t being held together t betweer ‘ est neial 
™~ 


Fig. 2—Energy vs interatomic distance in gold and in copper 


that the 
would 


of copper (1.8) by an amount that predict 
bond will be 11 pet ionic. Thus, four bond 
vive each gold a charge of —0.44 and each copper, 

0.44. A transfer of ‘4s electron would approx! 
mately neutralize these charges, 
troneutrality. 

Such a transfer increases the valence of gold to 6, 
decreasing its single bond radius from 1.339A to 
1.314A. The valence of copper decreases to 5 and its 
single bond radiu from 1.176A to 1.206A 

Hexavalent gold can form bonds with its 12 
neighbors with m ly, Copper would then use four 
of its five valences in bonding with its eight gold 
leaving u single valence with n ly for 


achieving elec 


Increast 


neighbor 
its four copper neighbor The bond distances for 
unstrained bonds may be calculated from the for 
mula 


D, D 0.60 log n 


where D, is the sum of the single bond radi of the 
elements concerned. Results of the calculation are 
given in Table VI 

For the superlattice AuCu 
would lead to a transfer of %4 electron from the 
“old, each copper receiving ‘4 electron. Gold would 


imilar consideration 


then have a valence of 6 and a single bond radiu 
of 1.307A, while copper would have a valence of 5'4 
and a single bond radius of 1.191A. Bond distance 
would be those shown in Table VI 

The agreement in Table VI i 
The Au-Cu bond in AuCu ts practically 
The other bonds have most of thei 
train removed; only about 100 cal per g atom re- 
mains. In AuCu 
{00 cal pe! 


remarkably 
train-free 


u expected 


trains have been reduced to about 
These results were attained by 
umptions in the 


atom 
imple and natural as Pauling 
theory 

However, for the other lattices of Table IV, Paul 


theory does not lead to a similar release of 


strain. The transition metals involved, except meckel, 
would change neither their valence nor their radiu 
appreciably on electron transfer, Two interpreta 
tions are po ible. The estimated strain energy may 
remain in the alloy. In this case, thermodynamu 
measurement hould show heats of formation that 
are less negative than in AuCu; unfortunately, these 
measurements are not yet available. The second pos 
ibility is that forces are involved that are not ac 
counted for by any existing theory. Certainly thi: 
is true at least to some extent; Fe-Pd and Fe-Pt 
distances are unaccountably large and Al-Ti di 
tances unaccountably small 

The question as to why Au-Ag alloys are le 
exothermic than Au-Cu alloys may have an intrigu 
Silver has nearly the same eles 
copper and might be expected to 


ing explanation 
tronegativity a 
attract gold equally well. The size of the silvet 
atom is nearly equal to that of the gold atom, so that 
misfit energy hould be absent As seen in thi 
paper, the size difference of vold and copper is ovel 
come by a transfer of electrons, which is approx} 
mately the amount predicted by the difference of 
electronegativity in order to produce electrical neu 
trality. Such a transfer cannot occur in Au-Ag with 
with consequent 
misfit energy. Thi table bond 
accounting for the difference in heats of formation 

Electronic rearrangements are probably common 


out producing differences in siz 
may produce a le 


in alloy Oo common that the ordinary calculation 


of misfit energy from elasticity data may not be 


correct even as to order of magnitude 
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W Pugh 


M has only recently received considera 
tion with respect to structural application 
It would appear likely to find service where it 


high electrical resistance and constant temperature 
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Fig 1—Tensile 
parameters vs tem 
perature for the 
1273°K annealing 
treatment 


VA 900 


TEMPERATURE 
coethcrent istance are advantageou In add) 


tion, there applications for vanadium which 


‘ xploit i? istance to attack by corrosive chem 


ieul The relatively high melting point, 2173 
» K (1900 2) ©) uppest ood tructural 
trength at high temperature. Detailed information 
about temperature dependence of strength has been 
lacking, although some data between room temper 
ature and 1200 K are available In this report, an 
analysis is made of the tensile properties of sheet 
metal for constant strain rate and at temperature 
between 76° and 1500°K 
Are melted ingots were ca in a rotating hearth 
furnace deseribed previously by Keeler. These in 
pots were scalped and hot rolled in mild steel sand 
wieh jackets at 1073 K (800°C). Billets were re 
moved from the jackets and cold rolled from 0.200 
to O=£8020 in. with an intermediate vacuum anneal 
(10743 K, 4s hr) at 0.100 in. thick. Chemical analy 
of the rolled sheet indicated the impurity con 
t shown in Table I. The temperature required to 
we complete recerystallization for a % hr an 
treatment wi approximately 1200 K 


ile test pecimen were cut from the heet 
parallel to the rolling direction. These were tested 
a“ eold rolled and a recrystallized at 1273 K 
(1000 C) for l hr. The grain size for the recrystal 
hized metal was 0.045 mm. An tron testing ma 
chine was used at a nominal ain rate of 0.09 in 
pero in, per min and at temperatures from 78 to 
1500 K In order to determine the effect of strain 
rate on flow stress, the rate was changed momen 
tarily to 0.009 during each test. Data were plotted 
Klevated temperature tests were 
made in vacuum, and temperatures were recorded 
by means of a It Pt-Rh thermocouple positioned 
at the middle of the gage length. A description of 
the test equipment c be found elsewhere Eval 
uation wa rrycacte term of ultimate tensile 
trength 2 pet yi trength train hardening, 
and vi ivity flow stre 
plots of true stre ri \ quite 
at hardening could evaluated in 
lope, m, of these logarithmic curve 


dlo 


r 
where m is called the train hardening exponent, 


o is the flow stres and « is the train 
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Table |. Chemical Analysis of the Rolled Sheet 


Blement Wt Pet Present 


0.057 
0.0 
0 0004 
009 
0.02 
0.005 


0.005 


Table I!. Data for Cold Rolled Specimens 


Pet Vield Tensile Strain Kate 
Strength Strength, blonga Hard Sensi 
Psi tion, Pet ening, M tivity, N 


A similar relationship is used to evaluate rate 
ensitivity 


u 
log 


log 

where n is called the strain rate sensitivity; o, 1s the 
flow stre at the faster rate; «. is the flow stress at 
the slower rate; ¢, is the faster rate, 0.09; and €, Is 
the slower rate, 0.009. There are no data to indicate 
that the logarithmic relationships between strain 
rate and stress for vanadium should be linear. In 
view of the temperature dependence of stress, they 
may be presumed not to be linear. Hence, the value 
for n are not expected to apply to rates other than 
those listed above 

Table II lists data for the cold rolled specimen 
and Fig. 1 shows the tensile parameters vs tempera 
ture for the conditions resulting from the 1273 K 
(1000°C) annealing treatment. Fractures were ob- 
erved to be transgranular at all temperature 

Vanadium has a temperature dependence of ten- 
ile properties which is characteristic of body- 
centered-cubic metals. There are several features of 
this dependence. For example, strength is exceed- 
ingly dependent on temperature in the low tem- 
perature range 300° K strength rises very 
rapidly as temperature is diminished. Yield point 
and discontinuous yielding, observed at low and in- 
termediate temperature, respectively, indicated 
train aging behavior. Other strain aging indicator 
are the minima in strain rate sensitivity and elonga- 
tion, and the maxima in. strain hardening and 
trength relationships at about 700 K. Similar tem- 
perature dependences have been observed for iron 


and steel, molybdenum,” and tantalum 
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Sand Cast Magnesium- 
Rare Earth Metal-Zirconium Alloys 


Addition of zirconium to cast magnesium-rare earth metal alloys results in a marked 
degree of grain refinement and a significant improvement in strength and ductility at 
temperatures up to 400 F. The strength properties and creep resistance of Mg-didym 
ium-Zr alloys are markedly superior to those of Mg-Mischmetal-Zr alloys. Results of 
studies on alloys containing various proportions of Mischmetal and didymium, and cerium 
and didymium, are also presented. In general, both in Ce-didymium and Mischmetal-didym 
ium alloys the strength properties increase with increasing didymium content. 


by T. E. Leontis and D. H. Feisel 


alloy containing rare earth 
metals have received considerable attention 
during the past several years 
for light alloys having high 
resistance at clevated temperature 
of the work reported earlier ha 

containing Mischmetal, it ha 
papers that distinctly 


because of the need 
trength and creep 
Although much 
dealt with alloy 
been shown in two 
different effect 
Various rare earth metals and 


previou 
are produced by 
rare earth metal mixtures on the properties of 
much higher strength 
containing didym- 


magnesium, For example, 
are obtained in magnesium alloy 
entially neodymium plu 


than in alloys made with Mischmetal, which con 


ium (es praseodymium ) 
tains all the rare earth metals in the proportion 
in which they occur naturally in the monazite ore 
Mg-rare earth metal alloys are characterized by 
a relatively coarse grain size, which greatly impau 
castability. The addition of zirconium as a 
hown' to refine the 
ize, which also produces a distinct improve 
trength properti Certain Mg 
Me-Mischmetal-Zn-Z1 alloy 
currently being produced 
commercially have discussed in detail by 
Nelson and Strieter,”* who also present some in- 
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econd 
alloying ingredient has been 
vrain 
ment in the 
Mischmetal-Zr and 
compositions which are 


been 


Mischmetal-Zr alloy, 
ued to Jessup, Emley, 
of My 
corresponding 


formation on a Mgp-low Ce 
A patent 1 
and Fisher” emphasize the 
didymium-Zn-Z1 
alloys made with Mischmetal 
The purpose of thi 
of an extensive investigation concerned with the 


and by Nelson 
uperioritys 
alloy over the 
paper is to present the result 
effect of increasing amounts of zirconium on mag 
nesium sand casting alloys containing several differ 
ent rare earth metal mixtures in varying amount 
The effect of the addition of zine to some of these 
alloys is also being reported 

Preparation and Testing of Alloys 

The alloy tudied in this investigation were 
prepared in small laboratory melts according to 
the melting procedures described by Nelson” as the 
Crucible Method Klectroly ts 
the composition shown in Table | wa 


tarting material. The rare 


magnesium having 
used as the 
earth metal alloying 
used in preparing these alloys were 
listed in Table II 


were pre 


ingredient 
essentially of the composition 
Some of the didymium-containing alloy 
pared using a Mg-didymium hardener. The rare earth 
metal content of this hardener analyzed 1.2 pet Ce 

10.4 pet Pr, 80.8 pet Nd, and 7.6 pet La. The zirconium 
was added in one of three forms: 1) as sponge zirco 
nium obtained from the Bureau of Mine 2) as a 
fused salt consisting of 50 pet ZrCl, and 50° pet 
from which the zirconium is re 

mapynesium; or 4) a a 


alkali chloride 
duced by the 


hardener. The alloying procedures and melt hand 


Table |. Typical Analysis of Electrolytic Magnesium by Spectrographic Method, Pct 


Producer's 
Designation 
of Material 


Total Kare 
Farths, Pet 


Other 
Impurities, Pet 
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Al (a (ua he Mn NI rh si sn 
001 001 00% 005-010 0001 ool 
Table 1. Chemical Analyses of Rare Earth Metals 

Mischmet 97 6 182 “4 22° Hie 00% 142 
Ceriur free 

Mischmet 02 122 4 24 2 04) 179 
Didymiur #9 O# 72 79 7 0% 07 2 #4 
Ceriur 94 92 2 09 0% 2.37 002 22) 
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TENSILE YVIELO STRENGTH 
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Fiq | Tensile strength and tensile yield strength at 70°F 


of Mg 3 pet rare earth metal Zr alloys in the T6 condition 
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Table Hl Solution Heat Treating Temperatures” 
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2% DIDYMIUM + 1% MISCHMETAL ALLOYS 


TENSILE YIELD STRENGTH 


3 4 
ZIRCONIUM, PER CENT 


Fig 2—Tensile strength and tensile yield strength at 400°F 
of Mq 3 pct rare earth metal Zr alloys in the T6 condition 
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3% MISCHMETAL ALLOYS 

3% Co-FREE MISCHMETAL ALLOYS | 
3% DIDYMIUM ALLOYS 
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Fig. 3—Tensile strength and tensile yield strength at 600°F 

of Mg 3 pct rare earth metal Zr alloys in the condition 
content affects tensile properties in a similar way 
at both higher and lower levels of rare earth metal 
content. A tatement, it can be said that 
for all rare earth-containing alloys, the strength 
increase with increasing 


a general 


properties up to 500 F 
amounts of zirconium, At 600 F, 
ignificant effect on the proper 
The effect of zirconium on the 
hown by the data in 


however, zircon 
ium content has no 
t of these alloy 
ductility of the alloy l 
Table IV. These data show that zirconium increase 
the ductility of alloys containing up to 3 to 4 pet 


whereas this property is not im 


rare earth metal 
proved in alloys of 5 to 6 pet rare earth metal con 
tent 

Fig 1 to 3 also show that 
exist among the various rare earth metals in the 
effect on the 
zirconium-free alloy 

Alloy containing cerium-free Muischmetal 
zirconium are superior to Mg-Mischmetal-Zr alloy 
but the outstanding properties are exhibited by Mj 
didymium-Zr alloy 

The effects of Mischmetal content, zirconium con 
tent, and testing temperature on the tensile prop 
erties of the Mg-Mischmetal-Zr alloys in the T6 
condition are shown by the curves in Figs. 4 to 6 
The curves of Mg-Mischmetal alloys (0 pet Zr) are 


reproduced from a preceding publication.’ Elongation 


ignificant difference 


trength properties, as in the case of 


values for these alloys are to be found in Table IV 


The curves in Fig 
that at 600 zirconium content has no 


§ emphasize a previous statement 


ignificant 


effect on the properties of the Mg-rare earth metal 


alloy In fact, the value for Mg-Mischmetal-Zr 
alloys fall quite closely to the curve for Mg-Misch 
metal alloy 

The tensile properties of Mg-didymium-Zr alloy 

70°, 400°, and 600°F are shown by the curve 
in Fig. 7. Curvy for Mg-didymium alloys are re 
produced from a preceding publication’ for compar! 
are given in Table IV Above 


or Elongation value 
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Fig. 4—Tensile strength and tensile yield strength at 70°F 
of Mg-Mischmetal.Zr alloys in the 716 condition 


Table 1V. Elongation of Alloys at Room and Elevated Temperatures 


Percentage of 
Flongation in In 
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Fig. 6—Tensile strength and tensile yield strength at 600°F 
of Mg Mischmetal Zr alloys in the 76 condition 
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studied in considerably more detail and the effect of 
zirconium content on its properties has already been 
hown in Fig 1, 2, and 3 Although the strength 
properties of this alloy in eparately-cast test bat 
ure lightly lower than those of the corresponding 
Me-didymium-Zr alloy, bar sections trom a simu 
lated production casting of both compositions ex 
hibit nearly equivalent tensile properties in the T6 
condition, Replacement of a portion of the didym 
ium by Mischmetal offers the possibility of a lowet 
cost alloy and in addition conserves the le abund 


STRESS, ps 


ant rare earth metal 
From the standpoint of porosity tendeney it ha 
+ been found beneficial to add zine to Mg-Mi chmetal 
=——p—p 05-06% Ef Zr alloy This has resulted in a commercial alloy 
a containing 3 pet Mischmetal, 3 pet zinc, and 0.5 pet 
minimum Zr (ASTM designation EZ33A) The 


results of tensile tests on a series of alloys contain 


TENSILE YIELD STRENGTH 


ing didymium and zine are given in Table V_ to 
vether with the properti of EZ33A alloy. It ha 
been found that a solution heat treatment prior to 
aging does not enhance the properties of Me-Misch 
metal-Zn-Zr alloy To illustrate these effects for 
Me-didymium-Zn-Zr alloys, data for both the TS 
and T6 tempers are included in ‘Table V. It can 
be clearly seen that the Mg-didymium-Zn-Zr al 

4 : 5 loys behave in the same way with respect to heat 
treatment. On the other hand, Myg-didymium-Z1 


Fig. 7—Tensile strength and tensile yield strength at 70°, allovs are markedly benefited by a solution heat 


400°, and 600°F of Mg-didymium Zr alloys in the T6 con treatment. And what is more important is that Mz 
dition didymium-Zr alloy in the T6 temper exhibit 


OOO ps: 


STRESS, 


Table VI. Creep Limits of Mg-Rare Earth Metal-Zr Alloys 


Hr Creep Limits, 1000 Psi 
Pet Pet Pet or Pet Pet 
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Fig 8—Tensile strength and tensile yield strength at 70° 

400°, and 600°F of Mg3 pct (didymium + cerium) 05 

pct Zr alloys in the 716 condition 
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Fig. 10—Limiting stress for 0.1 pct creep extension in 100 
hr of Mg-Mischmetal.Zr alloys in the T6 condition 


markedly higher sti gth properties at all tempet 
ature than the corresponding alloys contaimin 
Zine 

Creep Resistance—The effect zirconium con 
tent on the creep properties of the Mischmetal 
Zr alloys at 400° and 600 F are shown by the 
10 to 12. At all levels of Mischmetal 


content except approximatel 0.9 pet there i a 


curve in Fig 


downward trend in the creep limits with increasin 
zirconium content. Percentagewise, the decrease 

much greater at 600° than at 400° F There uppeal 
to be a minimum of the creep resistance of the 
Mischmetal alloys at about 0.25 pet Zr. These effect 


ma be a result of the opposing effect on creep 


resistance of grain refinement and = strengthenin 
resulting from the addition of zirconium. At the 
level of 0.5 pet Mischmetal, the creep resistance | 
definitely improved by the addition of zirconium 
In fact, at 600 F, the creep resistance the My 


066 pet Mischmetal O95 
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Fig. 11—Limiting stress for 0.2 pet total extension in 100 hr 
of Mg Mischmetal.Zr alloys in the 76 condition 
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of any of the zirconium-containing alloy investi 
gated. The creep resistance of this alloy at 400° F 
! comparable to that of the commercial alloy 
EKSGUA-TO6 (Mg 3.4 pet Mischmetal + 0.3 pet 
Zr) and EK41A-T6 (Mg pet Mischmetal 

0.6 pet Zr), and at the ume time has a good com 
bination of strength and ductility at room tempera 
ture It appears that more work Is needed in the 
lower Mischmetal range. There are possibilities tot 
cheaper and more castable than the higher 
EKS0A and EK41A 
5 condition creep limits were obtained but are 
not reported. The creep limits of the Mg-Misch 
metal-Zr alloys in the 75 and T6 conditions do not 


differ significantly 


an alloy 


Mischmetal-containing 


The creep limits of other Mg-rare earth metal 
Zr alloys and the Mg-didymium-Zn-Zr alloys are 
presented in Table VI. The Mg 3 pet cerium-free 
Mischmetal + 040 pet Zr alloy hows a distinet 
uperiority in creep resistance at 400° over the 
corresponding alloy Mischmetal, but 
at 600 F the two compositions are equivalent. The 
contirm those of Nelson and Strietes who 


containing 


result 
tested an alloy made with low-cerium Mischmetal 
in which the cerium amounted to about 3 to 4 pet 
of the total rare earth metal content. Significantly 
higher creep resistance at 400 Ik exhibited by 
Me-didymium-Zr alloys, a result which confirm 
the findings on My-didymium alloy At 600 f 


however, these alloy how no advantage in creep 


resistance over the corresponding alloys contaming 
Mischmetal. The Myg-Ce-didymium Zr alloy how 
a definite downward trend in creep resistance with 
Mp-didymium 


creep resistance at 


increasing cerium content 
Mischmetal-Z1 alloy have 
100 
made with Mischmetal but inferior to that of the 
alloy containing only didymium; at 600 °F the 
alloys are about equivalent. Addition of zine to Mp 
didymium-Zr alloy is detrimental to. the 


resistance of these alloy 


uperior to those of corre ponding alloy 


creep 


Summary 
The results presented in thi 
that the grain refinement of Myg-rare earth metal 


papel clearl how 


alloy resulting from the addition of zirconium 1 


4o0orr 
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Fig. 12——Limiting stress for 05 pct total extension in 100 hr 
of Mg Mischmetal.Zr alloys in the 16 condition 
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wcompanied by a significant iumprovement in more pronounced when evaluated in tests of longer 
; enyth and ductility at te trips rature Up to 400 I duration than 100 hi 
i Creep resistance is impaired shghtly at 400° and 
more drastically at 600 F by the addition of zircon References 
T E. Leont AIME 1949 145, 968, JouRNAL oF 


Dable VII is presented in order to afford a quick 
comparison of some of the expermmental alloy KE > n and F. P. Striet I Amer. | ‘ 
y 
discussed in this paper with commercial Mg-rare KE. Nelson and F. P. Strieter: 1 Amer, F e 
earth metal alloy (EK RK41A, and EZ33A) used J ne j Institute let 
it elevated temperature Data are included in thi aa ‘3, p. 105 
c. 3. P. B Metal Indust London, 1949 
table at 00 F in order to give a more complete J W. Meier and M. M 1 Trans. lian I f 
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; Grain Bound Def ion in Fine-Grained 
: rain boundary Ve ormation in Fine-Oraine 
El lytic M 
ectrolytic Magnesium 
by S. L. Couling and C. S. Roberts 
7 eye train in polyerystalline metal as a re formation is minor in importance while others have 
ilt of bulk movement of one grain with re concluded that it is a major consideration. Some 
\ pect to another along grain boundaries is not new have concluded that it involve hear of one grain 
Rosenhain and Humphrey observed such effect over another at the interface while others have con- 
; hortly after the turn of the century. Since then cluded that it operates by crystallographic defor- 
observations of grain boundary deformation have mation within the grains near the boundary. A 
been mude on several metal In recent yea in cutegorical tatement for electrolytic magnesium 
tensive studies of the deformation at grain bound cannot be made on either of these point When 
iies have been performed on polycrystalline me polyerystalline magnesium is deformed in creep 
. tual and bierystal Aluminum or its alloys have under conditions of high strain rate and low tem- 
been used in these latter tude Th ibjects of perature, grain boundary deformation is relatively 
controversy at present appear to be not whether light Under these conditions, much deformation 
ain boundary deformation ¢ ts, but 1) how occul within the grains and boundary contour 
quantitatively important it can be in polycrystal change to a higher-energy jagged form. The result 
line metal, and 2) what its detailed mechanism 1 hown in Fig. 1, where boundary jaggedne 
come investigators have concluded that such de pronounced upon polishing and etching after a 
plastu train of approximate ly 6 pet at 300 F and 
§ L COULING is associated with the Metallurgical Laboratory, 3000 psi. No migration of the boundaries has been 
: Dow Chemical Co, Midland, Mich CS ROBERTS, Junior Member detected in this proce When the same metal 
AIME, tormerly with Dow Chemical Co 1s now with Shockley Sem: deformed the same amount at 600°F and 300 psi 
conductor Laboratory, Mountain View, Calif ultir lower strain rat th sndari 
in« nucn lowe ule ale ri 
TP 4580E Manuscript, Sept 5, 1956 
migrate toward a lower energy configuration, where 
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moothne equals or exceeds that of the ori 
‘gregate. Such a result is shown in Fig. 2 
quantitative evidence on this 


migration of bound 


‘his paper present 
which involve 
aries in conjunction with shear of one grain with 
respect to the othe! The results how that unde 
of high temperature and low strain rate 
train 


econd proces 


condition 
deformation is by far the major 
contributor. In the limiting case it appears that all 
the deformation would be localized at the bound- 


boundary 


Experimental Procedure 

recrystallized extruded electrolytic 
magnesium was used in the investigation. This ma 
identical with respect to purity, extrusion 
and preferred orientation to that used 


Completely 


terial was 
condition 
in earlier work by one of the authors.” Creep speci- 
mens with a ls in. wide gage section were machined 
ection flat stock. The aver- 
about 0.003 in. with some 
minor variation between specimens. Specimens were 
tested at 600°F under stresses of 750, 500, 400, and 
300 psi; additional tests at 500° and 650 F 
adjusted so as to have 
in the 600 F, 


from x in. cro 
ave prain diameter wa 


were 
made with respective stresse 
approximately the same strain rate a 
500 psi test 
Grain boundary displacements were measured by 
a grid technique. Electropolished 
ruled with lines transverse to the stress axis using 
harp razor blade and then reelectropolished for 
ec. Metallographic examination with the ape! 
re diaphragm topped down to the limit showed 
the lines to be almost hairbreadth. Measurement 
were made at X1000 with a calibrated filar eyepiece 
An idealized sketch of a gridded area after grain 
deformation ha hown in 
train 


amples were 


boundary occurred 1 
Fis The 
localized at grain boundart («.,.) from measure 
ments of individual boundary displacements (X) and 
(#) is presented in the Appendix 
ufficient number of boundary sheai 


exact method of obtaining the 


boundary angle 
Providing au 
are measured to determine the average boundary 
within narrow limits, the grid technique 
hould give an accurate 


hear, a 
used in this investigation 
figure for « It is assumed, of course, that surface 
measurements are representative of the interior of 
the metal and that the grid lines do not influence in 
any way the behavior of boundaries they happen to 
latter 


between grid line and boundars was ever noted 


cro Concerning thi point, no interaction 


In an effort to obtain a 


rv, at least 500 boundary shea! 
Jetween 2 and 4 pet of these in 


accurate as possible a figure 
were measured 
in every 
dividual displacement 
braic sum of positive and negative 
was used in computing a2. Negative shear 
often observed on boundaries of low @ and most 


pecimen 
were negative; the alge 
displacement 
were most 
likely resulted from grain rotation 

Measurements of grain boundary migration were 
obtained by traversing in a longitudinal or tran 
verse direction and measuring at X1500 with a fila 
apparent distance through which 
boundaries had migrated. The angle that 
made with the tre uxXil Wa measured 


the 
each 
boundary 
with a protractor eyepiece. Careful metallographic 
deformation wa 
after 


examination of grain boundary 


made and micrographs of representative area 


rious amounts of creep obtained 


Measurements of overall creep extension, e,, made 


by Martens extensometer readings were compared 
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with those calculated from direct measurements of 
vrid line spacings before and after creep. These lat- 
ter measurements were made using the calibrated 
tage of a metallograph. Where slhght differences 
were observed between the two measurements, an 
average value was arbitrarily taken for «, 
Boundary Deformation 
A representative picwure showing grain boundary 
deformation is presented in Fig. 4. The smooth 
eyehe nature of the boundary deformation proce 


is evident; boundary shears alternate with migra 
tions of the respective boundart to new position 
Metallographic examination of all howed 
that the amount of basal 


tion of the test conditions, an increasing 


pecimen 
lip present was a tun 

of basal slip being noted with increasing stre 

(temperature constant) o1 decreusing temperature 
(strain rate constant). Almost no basal slip could be 
detected in the sample stressed at 600 F, 300° psi 
Examination of representative areas in several speci 
mens after ~3 pet and again atter ~6 pet creep 
howed that the total shear at any one boundary 
had roughly doubled between the 4 and 6 pet creep 
levels while the total boundary migration (although 
larger after 6 than 3 pet) had not increased propor 

tionately. The distance between successive bound 
ary steps was observed to decrease with continued 


eyeling until individual displacement were no 
longer resolvable 

Relative movements of grains perpendicular to 
urface were examined metallographi 
noted that the 


dou 


the specimen 
cally at high magnification. It wa 
direction of boundary migration was alway 
hill, ice. into the receding grain. No correlation 
could be observed between the direction inp which 
a particular boundary tended to migrate and curva 
ture of the boundary 

The data are collected in Tables | and Il so as to 
how the effects of time and temperature on the 
Highes 
longer time 


contributed train 


constant) 


amount ol boundary 


temperature (time 
(temperature constant) to the same total strain lead 
to increased contributions from grain boundary de 
Values of « 
These value are considerably 
othe 
determinations for 
alloy In MeLean 


only 200 C was used and the grain size of his ma 


range from 0.67 to 0.9% 
than those 


formation 
higher 
reported — by investigator making 
pure aluminum and aluminum 

work, a test temperature ol 
terial wa ix times larger than that used in the 


pre ent work In the work of Fazan et al the 


vrain size was of the order of 50 times larger than 
that used 


boundary 


here. Since large contribution from 


deformation are 


favored by mall Vrain 


ize, high temperature, and low strain rate, it is not 


urprising that higher contributions were determine d 


in the present case 


Boundary Migration 
Measurements of boundary migrations were made 
The procedure followed 


in four of the six specimen 


was to traverse 66 consecutive boundarit in both 
the longitudinal and transverse directions, measut 

ing apparent migration and angle for each boundary 
encountered. Average apparent migration in each 
10° angular increment of #6 could then be calculated 
Actually uch measurement and caleulation 
would not give true migration values because some 
boundary hearing would be 


contribution from 


ent in the measurement The true migration 
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6 pet creep at 300 F and 3000 psi 


etched after deformation X500 Reduced approximately 20 


pet for reproduction 


rement multiplied by 


perpendicular 


appeared to obtain 


Ohad not chan much in thew 


Grain boundary displacements and boundary angles 
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Fig. 2—6 pct creep at 600°F and 300 psi. Repolished and 
etched after deformation. X500. Reduced approximately 20 
pct for reproduction 


Discussion 


The results indicate that the high-temperature 
boundary deformation process consists of cyclic 
boundary hearing and migration. A_ structural 
model for such a proce is presented. Consider 
that, like deformation within grains, grain bound- 
ary shear may be elastic, anelastic, or plastic. The 
first two have been observed in the studies of Ke*”* 
and discussed comprehensively by Zener.” The static 
modulus of an aggregate involves anelastic behaviol 


of the boundaries because of stre relaxation acros: 
them. The anelastic strain approaches a finite limit 
because of stre concentration at boundary edge 


The dynamic modulus involves elastic behavior of 
the boundaries because the period of oscillation is so 
much le than the relaxation time. It is suggested 
here that plastic boundary behavior occurs in static 
creep When a thermally activated phenomenon, 
boundary migration, relieves the blocking § stre 

concentration at grain edges and allows the an- 
elastic boundary shears to be captured. This concept 
is analogous to the anelastic dislocation movement 
between barriers within a grain becoming plasti 
train by the thermal activation of the dislocation 
over the barrie: 

Suppose that a shear stress is applied to boundary 
A-B in Fig. 5. As this stress is relaxed by anelastic 
train, stress concentrations will build up in grain 
( and D at the triple point Now let migration of 
the B-C, A-C, B-D, and A-D boundaries operate 
Since the hear has slightly increased the total 
boundary area, migration is driven by the lowering 
of interfacial energy as well as by the lowering of 


elastic strain energy When the local stre con- 
centration is adequately relieved by the sweeping 
grain boundaries, the original boundary can shear 


again joundary A-B may also migrate to relieve 
tress concentrated by shear on B-C, A-C, A-D, o1 
B-D and so on in a complex fashion throughout the 
entire aggregate 

The maximum anelastic displacement which can 
occur on a favorably oriented boundary during one 
cycle may be calculated with the help of an expres- 
ion developed by Ke.” If s is the shear stress acting 
on the boundary; Gu the unrelaxed shear modulus 
d, the average grain diameter; and AX’ the displace- 
ment that occurs during relaxation time +r, then 
\X°/d Gu. Now AX’ represents all but one eth 
of the maximum possible displacement, AX, so that 
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Sa 
13 
~~ 
| Repolished and 
Hoan inerement should be the apparent 
7 Mmipration minus the product of the average shear 
: sine”. Because only 
; 142 boundaries per specimen were measured, the 
data showed fairly wide catter. However, the 
7 following weneral trends were apparent 
1) After 3 pet creep, boundaries 
ter the tie ixis 90) ) had migrated through 
i distance which was 1.5 to 2.5 times as great as the 
distance through which they had sheared. Bound 
uri parallel to the ax: 0 ) had migrated 
Hbout hall a much a the 90 boundarie For 
ntermedite angle boundaries, a linear relationship 
between these two 
< 2) After 6 pet creep, the amount of shearing 
on the @ 90) boundarn had doubled, but the 
amount of migration did not increase proportion 
: atel the result being that the migration to shear- 
ic Ings ratio was now between 10 and 2.0. Boundarie 
vith 
thon rate they had now mivrated 0.75 to 1.0 
us much as the # 90 boundarie Again, an 
ipproximately linear relationship obtained for 
intermediate anvle 
81 
| 
i 
82 
\\ 
| j 
Fig. — 
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Fig 4—6 pct creep at 600 F and 400 psi X500 Reduced 
approximately 20 pct for reproduction 


e sd 
AX ( , ) ax’ 1.58 — For a test stress of 


Citi 


300 psi, a @ 90° boundary (boundary trace pet 
pendicular to the stress axis) hes, 
at 45 to the surface, and the resolved shear stre 

is 150 psi. Taking d 0.003 in. and Gu (600 F) 

2.0 * 10° psi, \X 3.6 10 in. Resolved on the 
urface, this would correspond to a displacement 
in the direction of the stress axis of 2.5 10° in 
From Fig. 6, after 3.45 pet creep, boundaries with 
# 90° in the 600°F, 300 psi specimen 
average shear of 6.3 * 10° in.; and after 5.61 pet 
creep, a shear of 11.0 10° in. These 
hears, therefore, correspond to about 250 and 440 


on the average 


howed an 
measured 
contributing 


eyel respectively, each of the cycle 


a displacement of 2.5 10° in. Metallographiec ex 
amination at high magnification has disclosed that 
these figures are quite reasonable. In some bound 
ari individual steps are not resolvable but) in 
others, more than 100 steps can be distinguished 
along with an unresolvable region 

It ha 
formation localized at grain boundari 1 
by the stre 
tion in the interior of adjoining grain 


that de 


cuused 


been proposed several time 
concentrations resulting from deforma 

In the case 
of electrolytic magnesium, this concept may be valid 
for low temperature creep (condition imilar to 
those of Fig. 1) but it is invalid for the conditions of 
high temperature-low 
observed that grain boundary defor 

train within 


train rate investigated here, 
where it wa 
mation became more pronounced a 
tne grains decreased. In a like manner, the result 
also contradict the suggestion that dislocation move 
ment on 


gration.” 


lip planes is the cause of boundary mi 


Summary 
High temperature grain boundary deformation in 
a simple polycrystalline magnesium agperegate is a 
two-stage proce involving alternate boundary 
hearing and migration. Increasing test tempera 
favor larger con 


tures and decreasing strain rate 


tribution to the overall strain from boundary de 
formation, In the limiting case, it appears that all 
the deformation would be localized at the bound 
ari A mechanism which explains the observa 
tions is the alternation of anelastic boundary sheat 
when the bound 
Repetition leads to 
eyelie proce The number of cycles necessary to 


with the capture of these hear 
migrate to new position 
produce the meusured shear on a simple boundary 
has been calculated and found to agree qualitatively 
with metallographic observation 


Table |. Effect of Time on Grain Boundary Deformation of Electrolytic Magnesium 


Test Conditions 


600 
600 
600 
600 
H00 
600 


Conditions 


1100 pe 
00 p 
75 psi 

1100 p 


pai 
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4 
| 
lle 
ty» Pet Me In in N ‘ Vet tonlty 
F, 500 psi 139 119 lt 277 oul 
F, 400 psi 271 214 6 240 
F, 400 psi 145 672 412 +07 vit 2 
100 psi 6.14 2:37 047 25 on 
400 pes > 7 6 10.12 40 ‘ 
100 psi +61 1149 ‘ ) 920 25 in 
equa tot creep t i ieep testing ‘ ve weg in boundsa ‘ ent wrected displace ent 
Ahere F 145 \ppe tix N. nu ber n bound ‘ tercepted ir il vitudinal t ‘ ‘ contributed t i 
bound defor ition N x 100 pet ind ‘ fraction f the tota trai sused by 4 ind lef thee 
Table Il. Effect of Temperature on Grain Boundary Deformation of Electrolytic Magnesium 
Tet Pet Me In In N ‘ Vet 
124 120 Olxlf 447m O74 
H00°F 130 119 2 244 onl 
650°F {20 Gh oy 
“ia 207 2 2 
650°F 375 psi 6.36 259 6 72 74 
equa tot t t eep testing t ‘ erage bound ement, ected ding ement, F 
where F 145 ee Appendix N amber of grain bound rite epted witud t ‘ ‘ ntritvuted t 
boundar detort thor N 100 pet nd « ‘ f thor f the tot ‘ ina ef ther 


Fig. 5—As the shear 
stress applied to 
boundary AB is 
relaxed by anelastic 
strain, stress con 
centrations build up 
at the triple points 


DEGREES 
Fig &—Boundary displacement vs ¢ after 345 pct creep 
and after 561 pet creep in 600°F, 300 psi specimen 


Appendix Calculation of «.. From Boundary 
Displacement Measurements 

Sherby, and Dorn” have calculated e,, by 

displacements (X) 

averapine 


Fazan 
measuring individual boundar 


in direction parallel to the tre 


the displacements to get a, and multiplying thi 


fivure by the number of grain boundaries (N) in- 
tercepted by a transverse of unit distance in the 
longitudinal direction. The value of « o obtained 
is only correct if boundary displacement is inde 


pendent of the angle which the trace of the bound 


ry makes with the stre axis or aif all boundari 
make the same angle with the tre ux In the 
present work it was found that there was a large de 
pendence of boundary shear on trace angle; bound 


almost parallel to the made litthe or no 


maximum shear It wu 


contribution while perpendicular evidenced 
therefore necessary to 
calculate a correction factor, Fy, which could be ap 


plied to values of «. obtained simply by measure 


ments of N and. This wa accomplished in the fol 

au) A specimen was creep tested to 3.45 pet and 
later to 5.61 pet at 600° F, 300 psi. After each creep 
increment, values of boundary displacement, a2, and 
ingle, # which the respective boundaries made with 
the stre axis were measured for at least 550 grain 


b) Average boundary dispiacement a 


vas determined for each case 

boundary displacement in each 
calculated for both 
mooth curve drawn 


The average 
angular increment of wa 
plotte dona vraph, and a 
through the graphed points to give ---2, a 
hown in Fig. 6 
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Fig. 7—Boundary angle frequency vs # 
d) Boundary angles were measured on a longi- 
tudinal traverse. A normalized plot of frequency of 
occurrence of boundary angle in each 10° angular 
increment of 6 was made and a smooth curve drawn 
through the graph points to give f,, f,, 
hown in Fig. 7. (Thi 
the grains were symmetrical 
have the shape of a normalized sine wave 


tep would be unnecessary if 
ince the curve would 
How- 
ever, in the electrolytic magnesium used in thi 
work the were slightly elliptical in shape 
with the major axis of the ellipse in the transverse 
hape of the curve is more 


Mrain 


direction: as a result. the 
like that shown in Fig. 7.) 


«) The corrected average boundary displace- 


ment, 2, for both cases was then obtained as the sum 


--r, and f,, f:, --f, are a 


where a 


hown in Figs. 6 and 7, respectively 


{) The correction factor, F, is the a2/a for each 
case. The calculated values of F were 1.43 (3.45 pet 
creep) and 1.47 (5.61 pet creep). An average, F 
1.45, was applied to measurements in which only a 
wus obtained. The validity of 
believed to be reasonably good, since the 


uch a procedure } 
pecimen 


were all of uniform grain geometry 
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Nature of the Ni-Cr System 


It is shown that chromium-rich nickel alloys precipitate rapidly on cooling in more 
than one fashion. The solubility of nickel in chromium increases rapidly with tempera- 
ture. No support was found for the recently proposed version of the Ni-Cr diagram. 


by Robin O. Williams 


A* investigation has been made of the Ni-Cr 
ystem for the purpose of elucidating certain 
namely the nature of aging in both terminal 
and the nature of the phase diagram 
olubilities and precipita- 


points, 
olid solution 
Information pertaining to 


tion has been obtained 


Experimentation 

Five alloy Table 1, 
copper crucible using electrolytic chromium and car- 
both dry hydrogen treated These 
were homogenized 24 hr at 1300°C in 
Powders were pre- 
ubsequent heat 


were are melted in a cold 


bony! nickel 
100 button 
dry hydrogen and air cooled 
filing or pulverizing and 
done in vacuum or helium using ti- 


pared by 
treatment was 
tanium chips as a getter 
Powder of —80 mesh wa 
alloy quenched from 1000°C and wa 
under vacuum using a 250 C outgassing. After aging 
as indicated in Table II the lattice parameter 
measured on the quenched samples using the 
These parameters are con- 


filed from the 60 pet Ni 
ealed in silica 


were 
tand- 
ard cos’ # extrapolation 
idered accurate to roughly 0.0001A. In all cases 
chromium lines of 2.8812 O0.0005A at 30°C were 
found 

Drastic quenching from sufficiently high tempera- 
harp body-centered-cubic lines 
in the first four alloys without indications of trans- 
formation Temperatures to 1250°C were used 
Solid samples less than 1/16 in. thick were quenched 
in water without transformation and the powder 
could be adequately quenched in small helium filled 
thin wall silica tubing using a water quench 

For those powder samples which were quenched 
from the two phase field the relative intensity of the 
body-centered-cubic lines and the face-centered- 
were estimated and extrapolated to give 
olubility data in Fig. 1. The data for 
were somewhat limited, the 
lowest temperature where 


tures produced very 


cubic line 
the indicated 
the two higher alloy 
being the 
found 


plotted point 
no nickel pha cC Wa 

Neither filing pulverizing, nor cooling 
to —190°C produced any new diffraction lines for 
ingle phase re- 


abrading 


olid samples quenched from the 
gion, nor did the character of the body-centered- 
cubic lines change. Single phase body-centered- 
cubic powders likewise did not change on cooling to 
190 C Also which had 
tion due to inadequate quenching 
under these condition 


ample ome precipita- 
howed no addi- 


tional change 
R O WILLIAMS, Junior Member AIME, formerly with General 
Electric Research Laboratory, is now associated with Cincinnati 


Milling Machine Co., Cincinnati 
TP 4621E. Manuscript, June 25, 1956 
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The first change apparent by X-ray diffraction 
quenched almost fast enough to pre 

the diffuseness of the body 
particularly on the low angle 
side For cooling rates the diffuse face 
centered-cubic lines appeared. Work on the large 
grained castings showed profuse streaking through 
some of the Laue spots while oscillating patterns 
body-centered-cubic and face-cen 


form sample 
vent precipitation wa 
centered-cubie line 
slowet 


howed broad 
tered-cubic lines as well as some new lines. For the 
23.6 pet Ni alloy the new lines corresponded to 2.16, 
1.96, and 1.86A and were more similar in character to 
the face-centered-cubic lines than the body-cen 
tered-cubie line Samples which were air cooled 
gave only face-centered-cubic and body-centered- 
cubie line till broad. One pattern indi 
cated that face-centered-cubic (111) plane was 
parallel to a body-centered-cubic (110) plane 

For those which were examined by light 
microscopy there were detail 
However, varied and beautiful structure: 
of an alloy quenched in a 


which were 


ample 
which were not re- 
olved 

were obtained. Fig. 2 1 
helium filled silica tube from the 
parti le associated apparently with di 
which are arranged in low angle bound 


ingle phase region 
and show 
location 
arie Finer, general precipitation has also taken 
place within the grain Figs. 3 to 5 show the 
tructures produced in these alloys on 
cooling It appears that there are four 
of precipitation as evidenced by these 
at higher tem 

tructures a 


variety of 
continuou 
distinet mode 
Annealing these 
in the two phase field give 
nickel plates in the 


figure tructure 
perature 
hown in Fig. 6, 
chromium matrix which reprecipitated nickel on a 
cale of the final quench. Lower anneal 
horter times naturally 


which show 


much finer 
ing temperatures and pive 
finer plates of the nickel-rich phase 

Samples of the first four alloys were annealed for 
appreciable times between 900° and 1250°C and 
vave structures like Fig. 6. The relative amount 
of the two phases were measured and extrapolated 
olubility data as indicated in Fig. 1. The 
point at 1250°C was deduced from data of Oxx 
These and most of the other were checked 
for ferromagnetism but none wa In fact, 
were 


to pive 


ample 

apparent 
usceptibilitie 
paramagnetic 


it appeared that the magnet 
not more than three time that for 
chromium 
Discussion 
In Fig. 1 it is seen that the 
represented by a 


olubility of nickel in 
chromium can be lightly curved 
line on the usual log X vs 1/T plot. These data are 
believed to be accurate to roughly 5 to 10 There 


only fair agreement with the data of Taylor and 
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Table |. Alloys Investigated 


Alloy No 


Table II. Solubility of Chromium in Nickel as Indicated 
by Lattice Parameters 


Temper Lattice Parameter, Composition Using Data 
— ature, Time, Days at 25°C, A of Taylor and Floyd 


Fig Solubility of nickel in chromium and chromium in 
nickel 40 6 atomic pet 
17 2 (average) 
is isn ising because of the rela 
lattice parameter to 


of some precipitation 


igreement with 
tions of these solubility curves correspond to 29,000 


and 1,900 cal per mol for the chromium and the 
nickel phases, respectively. Fig. 7 shows the solu- 
bility curves replotted exactly on regular coordin- 
ate and demonstrate the significant point that 


Stein and Grant 

mperature Their 

well, is considered by 

olubility nickel in a new, high 


uture pha ‘ 
olubilities which are concave upward are not ab- 


Phe present data api mt olubshity of chrom 
normal but actually can represent the normal ex- 


‘ vell with earher result except for 
ponential type of solubility 


These experiments clearly demonstrated that the 
precipitation of nickel from supersaturated chrom- 
ium takes place very rapidly and only small samples 
can be quenched fast enough to prevent thi This 
high rate is the result of at least three factors; 1) 
the rapidly decreasing solubility, 2) the possibility 
of good atomic matching between the two phase 
and 3) the large amount of heat released. The fact 
that a transition structure can form may also be 
ignificant. The microstructures suggest that precipi- 
tation can occur in many fashions, including nu- 
cleation at dislocations and grain boundaries as well 


them pot at 900 C which deviates from the line 
n Fy l by an amount appreciably greater than 
their apparent experimental error A possible rea 
on for this is not known In any case, the present 
representation is considered more likely to be correct 
an inflexion point (log X 
for an inflexion has not 
is drawn shpehtly un 
4 da at this temper 
relaty These results demonstrate 
mn i ) at about 500 C is not 

to precipitation 


the tal tructure 
cibilits not possible us homogeneously. This precipitation process must 


for the log X vs 1/T curves to have complicated most or all the previous studie 

upward at high temperatures, as shown. How of chromium-rich nickel alloy 
X-ray diffraction and microstructure established 
that the relation between the matrix and precipitate 
was as follow body-centered-cubic (110) (habit 
plane) face-centered-cubic (111) and body- 


eve the rapidly increasin olubility of mekel in 
chromium 3 not consistent with a regular vstem 
(Raoult law) unle it} upposed that the free en 


oft conter nickel 1 decreasin rapidly 
rature The aight line por centered-cubic [111] face-centered-cubic [110] 


4 

trom 1250°C. showing precipitation along low angle bound Fig. 3—Microstructure of a 23.6 pet Ni-Cr alloy as-cast, 


aries. Electrolytic etch with 5 pet HSO, X500. Reduced showing two modes of precipitation. Gelman’s etch X1000 
approximately 15 pet tor reproduction Reduced approximately 15 pct for reproduction 


Fig 2--Microstructure of a 236 pet NiCr alloy quenched 
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Re 
but ne apreemer 
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Fig. 4—Microstructure of a 23.6 pct Ni-Cr alloy air cooled 
from 1300°C, showing precipitation. Electrolytic etch in 5 
pet H.SO,. X1500. Reduced approximately 15 pct for repro 
duction 


Such a relationship is expected on the basis of reac- 
tions in other systems and it is found that fair atomic 
matching can exist on this plane. It is possible to 
account for the extra lines by means of a close 
packed-hexayonal lattice with a 250A and ce 
3.92 A, making the c/a ratio 4 pet under ideal. The 
three new lines index as (10.0), (00.2), and (10.1), 
respectively. The atomic arrangement and spacing 
of the basil plane are identical with the face-cen- 
tered-cubic (111) plane. It may be that the line 
from the body-centered-cubic, face-centered-cubic, 
and close-packed-hexagonal phases would explain 
the results of Blake and Lord,’ but details of then 
work are lacking 

It is important to note that in Fig. 6 
result from growth during annealing of previously 
and are not a primary result of 


tructures a 


precipitated alloy 
transformation 

These results have failed to add 
recently proposed version of the Ni-Cr system.”* If 
there is really a high temperature phase in chrom- 
ium, and there ha 
the eutectoid (or peritectic) reaction occurs above 
1250 C. It is evident that most of the effects which 
have been attributed to this reaction are really the 
result of the precipitation observed here. Likewise, 
thermal results reported by Jenkin 
et al. were caused by this precipitation, a 
of diffuse X-ray line 


ubstance to the 


been no positive evidence, then 


the anomolou 
were the 
report 


trom 1300°C and held 6 hr at 1100°C and quenched White 
plates are the nickel phase Electrolytic etch with 5 pect 
H.SO,. X500. Reduced approximately 15 pct for reproduction 
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Fig. 5—Microstructure of a 264 pct NiCr alloy air cooled 
from 1300°C. Electrolytic etch with acetic and nitric acids 
X500. Reduced approximately 15 pct for reproduction 


The qualitative observations on mechanical prop 
erties made during thi tudy apvree with earhet 
work Alloys 1, 2, and 3 were very hard and brit 
tle in the as-cast or air cooled condition, wherea 
alloy 4 would not pulverize as air cooled, but could 
be filed. Alloys 1 and 2 could be filed when sult 


ciently well quenched 


Summary and Conclusions 
1) New values have been reported for the terminal 
olid solubilities in the Ni-Cr system, The solubility 


SH 
a8 


ane 


40 66 
ATOMIC PERCENT MICHEL 


Fig. 7—-Phase diagram of the NiCr system 
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Fig 6—Microstructure of a 264 pet Ni Cr alloy air cooled , 1 P 
259 


rapidly with ») No evidence has been found to support a re- 
of chrom cently proposed version of the Ni-Cr diagram If 
with Taylor and a eutectoid reaction (or peritectoid) reaction exist 
mickel-rich alloys at its temperature is above 1250 C 
precipitation of 6) The present knowledge of the Ni-Cr system | 
incomplete 
are charactt or y 
ve quenchin Thi The author wishes te acknowledge the assistance 
i the rap y decreas- by R. E. Lewinski in doing the X-ray diffraction, 
heat rele; and good atomic and by D. Kontoleon, W. Roman, and D. Broecker, 
voon phase who did the metallography He also has had several 
and microstructure how that there discussions with Gordon Oxx concerning this system 


(perhaps four) of precipitation 
The (110) is the habit plane in the matrix and i References 
arallel to the (111) of the preeipitate Diffusene communique 
x indicate coherene and/or large 
mt ciuse In some Case close put ked 
i have been found where the basil 
dentical with the (C111) of the face-cen 
pitate 
dence showes mat neither mechanical 
tempera nor both could produce 
ation rm the upersaturated chromium 
The \ hardne and brittlene 


dis 
these 3 ys are the result of precipitation ope 


Effect of Heat Treatment on the Hardness and 


Microstructure of U-Ti Alloys 


The hardness and microstructure of U-Ti alloys may be varied over wide ranges by 
suitable heat treatment. Quench temper or isothermal treatments were particularly effec- 
tive. The overall response to heat treatment was dependent upon the phases present dur 
ing solution treatment. Results are interpreted in terms of the phase diagram. 


by David L. Douglass and Lyle L. Marsh, Jr. 


Pye LATION wa made between the heat both quenched and isothermally transformed al- 
4 treatment and hardne f thi U-Ti alloy loy 
in composition trom 8.5 itomic pet Ti Introduction 
wing important observations were made It has been known since 1887 that the mechanical 
t quench of U-Ti sohd solution re properties of metals were dependent upon thei: 
in the formation of a hard martensitic phase microstructure. Sorby pointed out in that year that 
titanium alloy annealed gray iron castings were softer than chilled 
juent tempering initially increased the iron castings by virtue of the graphite which had 
the precipitation of a in dispersion replaced hard cementite in the microstructure, Overt 
ther precipitation of U-Ti with tempering the years, interest has increased in the effect of mi- 
ily resulted in softening rostructure on the mechanical properties of metal 
hardness levels were obtained also by iso and now high-strength levels may be achieved by 
in) formation of an 8.5 atomic pet Ti alloy bringing about the dispersion of a econd phase or 
Hy by other microstructural adjustments. The nature 
il structure of the phases present at of a second phase in an alloy strongly influences the 
treating temperature (one region in the properties. For example, the size, shape, amount 
im excepted) and the temperature with- ind distribution of a second phase plays a very im- 
en phase region affected the hardne ol portant role in the ultimate properties of an alloy 


D L DOUGLASS and LL) MARSH, JR. Junior Members AIME, Microstructural control is achieved by heat treat- 


ore Principal Metallurgust and Assistant Division Chief, respec ment Hence, any alloy system of potential e 

tively Metallurgical Engineering Div, Battelle Memorial Institute, hould be understood in terms of it response to 

Columbus, Ohvo heat treatment and the resultant effects upon the 
TP 4602E Manuscript, Oct. 10, 1956 propertic 
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Fig. 1—U-Ti phase 
diagram 


Temperoture, C 


D 


Titanium, a/o 


U-Ti alloys are heat treatable and have been ex- 
amined for their response to the three basic types of 
heat treatments, 1. e., varied cooling rates through a 


phase change interrupted quench (isothermal 
transformation through a phase change), and tem- 
pering (decomposition of a metastable tructure) 
The results of this study have given an insight into 
the behavior of the system and have shown that a 
wide variety of structures and properties may be 


achieved by heat treatment 


Constitution of U-Ti Alloys 
The high-temperature phases of uranium and 
titanium form a continuous series of body-centered- 
cubic solid solutions. A eutectoid exist 
uranium and the compound U.Ti at 723 C and 4 


of titantum in # uran- 


between 


olubility 


atomic pet at the eutectoid temp 


atomic pet Ti. The 
ium is about 1's 
erature. The compound exists over a narrow compo- 
ition range and forms by the decomposition of 
The solubility of titanium in e ura- 
have been 


y- olid solution 


nium 1 mall. No reliable value 


reported pha e diagram as propo ed by A. G 


Knapton hown in Fig. 1 


Experimental Procedures 


Preparation of Alloys—Fifty-lb ingots of alloy 
containing 8.5, 25.5, and 50 atomic pet Ti were 


double arc-melted in water-cooled copper crucible 
Derby uranium and iodide titanium were used a 
charge material The ingots were forged at 1000 
and rolled at 600 C to strips 4 in. wide and 0.150 in 
thick 

Heat Treatments—Slow -cooled alloy 
tained by the following procedure. Specimens were 


were ob- 


Fig 3—The hardness of 
quenched and tempered U-Ti 
alloys as a function of time at 
a tempering temperature of 


500°C 
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Fig. 2—Etfect of quenching from various equilibrium. phase 
fields on hardness of U-Ti alloys. Hardness values are 
shown at the location of the solution treatment 


ealed in Vycor tubes under an argon atmosphere, 
olution-treated 5 hr at 1000°C, 
at 5 C per hi 

Samples were air-cooled in) Vycor 
olution treatment at 1000°C for 5 hi 

Quenched samples were obtained by plunging the 
alloys (in Vyecor tubes) into water after solution 
treatment at 1000 C for 5 hr, and immediately 
ample 


and furnace-cooled 


tubes after 


mashing the tubes. Two other series of 
were quenched from 750° to 850°C. Small specimen 
were transformed isothermally by suspending them 
on Nichrome wire in a lead bath at the solution- 
treating temperature for 1 hr. Then they were re 
moved and immersed in a second lead bath at the 
desired isothermal treatment temperature. After the 
were 


desired time had elapsed, the 


quenched in water at room temperature, Both baths 


specimens 


were covered by powdered charcoal. No visible at- 

tack by the lead baths wa 
Metallography—Specimen 

Epon resin in order to prevent any further phase 


apparent 
were mounted cold in 


changes or tempering due to warm mounting in 
jakelite. After the specimens had been ground and 
polished, they were etched either electrolytically 
with a 1:8 mixture of CrO, acetic acid or chemi 
cally with an etchant consisting of 196 2 oxalic acid, 
32 Fe(NO,)., and 4 cu cm HF per liter of water 
Hot-Hardness Tests —Hot-hardness was measured 
by means of a vacuum hot-hardness machine.” The 
machine consists essentially of a dead-weight mech 
anism with a sapphire-tipped indenter (136° pyra 
mid tip) surrounded by a furnace in a vacuum 


OCTOBER 1957, JOURNAL OF METALS—1261 


| 
600 } 
L 
1400 
600 {{ 
eee Bee ase Ree 
i 
\ 
/ 
/ r 
A 
/ 
/ 
/ 
/ + 
, 
4 


Table |. Hardness of U-Ti Alloys as Affected by Cooling 
Rates from 1000°C 


Titanium Content Hardness, Dph 
Halance t raniam) 
7 Atomic Pet As Kelled Slow Cooled Air Cooled Quenched 
Wem \ Table 11 As Quenched Hardness Data for Material Used in 
7 Tempering Studies 
Solution Treating Temperature, 
fitanium Content Hardness Hardness 
Atomic Pet Vhases Phases Dph 
" cooling resulted in an increased hardne for all 
- ¢ three alloy The U-50 atomie pet Ti alloy increased 
= in hardne from 341 Vhn to 575. The most drastic 
eee cooling rate, obtained by a direct water quench, in- 
: Fig 4--The hardness of quenched and tempered U Ti alloys creased the hardne of the 50 atomic pet alloy to 
: as a function of tempering temperature for | hr 638 Vhn. The 8.5 atomic pet alloy increased in hard- 
re from the value obtained by air cooling. The 
charnibe Phe specimen and indenter were heated to 25.5 atomic pet alloy showed a marked increase in 
/ thier che ed temperature vhereupon the load wa hardne in the quenched condition compared with 
ipplied fa Loy see Three or four readin Were the air-cooled condition. Data for hardnesses as af 
taken at each temperature fected by cooling rate are listed in Table Ll. All al- 
le except the U-8.5 atomic pet Ti shattered upon 
: Experimental Results quenching from 1000°C. However, it was still pos- 
- Effect of Cooling Rate on Hardness low-cooled ible to obtain hardne readings on the larget 
- pecimens were considerabl ofter than were eithe piece The fracturing was caused by the large 
quenehed ov air-cooled specimen However, olume change associated with the formation of 
the slow-cooled specimens, there were no marked This phenomenon will be covered subse 
changes in hardne as result of adding titanium quently in greater detail 
lt may be possible that any differences might have Effect of Quenching from Various Equilibrium 
been masked by oxyven contamination during heat Phase Fields on Hardness—The hardnesses of 
» treati \n increase in cooling rate obtained by air quenched alloy olution treated in various region 
+ 


i = A 440 ay 
Fig. 5—Etffect of isothermal 
transformation on hardness of 
alloys) Hardness read 
400 | ings were taken on samples 
“ quenched to room tempera 
A ture after isothermal trans 


a 
fo 
formation 
4 
V 


16 


Log Time, hr 


6 5 af Ti Soluton Treated | Hr at 750 C 


400 ( 


Log Time, hr 


Solution Treated | Hr at 750 ( 
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shown in Fig. 2. The 
hown for each 
olution treating 


of the phase diagram are 
room-temperature hardnesses are 
composition at the temperature of 
The following observations were made 

8.5 Atomic Pct Ti Alloy 

1) Quenching from the y + « field produced a 
harder structure than quenching from the £B + ¢ 
region 

2) There wa 
quenched from the 


little difference in hardness be- 
tween alloys region and those 
quenched from the y + « region 

25.5 Atomic Pet Ti Alloy 

1) As the quenching temperature wa 
in the y « field, the hardnes: 
effect was observed on quenching from the £ + « 
field 

2) Quenching from + « 
transus resulted in greater hardne than was ob- 
tained by quenching from below the transus. A 
imilar result was also observed in the 8.5 atomu 
pet alloy 

50 Atomic Pet Ti Alloy 

1) Quenching from the 
hard 
quenching 

2) The hardness of 

« region appeared to be independent of quench- 

ing temperature and compared in hardness with the 
low-cooled alloys. Thi the only one in 
vestigated in which temperature had no effect on 


increased 


increased. The same 


ubove the 


y region produced a very 


tructure, but all samples shattered upon 


amples quenched from the 


Wa 


the as-quenched hardnes 

Effect of Quench and Temper Treatments on 
Hardness—Samples of biscuit uranium, U-8.5 atomic 
pet Ti, and U-25.5 atomic pet Ti olution 
treated 1 hr at 750° and 850 C, and water quenched 
Tempering treatments were then performed at 200 
300°, 400, 500°, and 600 C for times ranging from 
'» to 40 hr. The hardne is shown as a function of 
tempering time at 500 C in Fig. 3. The effect of tem- 
hown in 


were 


pering temperature on the hardne i 
Fig. 4 for times of 1 hi 

The hardness of an 8.5 atomic pet alloy tempered 
at 500 C 
pering and then decreased rapidly. This was true 
from 


increased to a maximum after 1 hr of tem- 


for samples quenched from either 750° or 


850 C. The 25.5 atomic pet alloy quenched from 
750 C started to reached a 
minimum hardness at 1 hi 
followed by 


immediately, 
and then hardened to a 
further softening 


often 


maximum at 4 hr, 
The 25.5 atomic pet alloy quenched from 850 C fol- 
lowed the same pattern as the sample quenched 
from 750 C, except that the minimum hardness oc- 
curred at 8 hr, and the maximum value had not 
been reached after 40 hi 

temperature had a pronounced 
effect which was essentially the same for both 
alloy A minimum hardne occurred at for 
after which a maximum occurred at 400 > ¢ 
Both 25.5 atomic pet samples 


The tempering 


all Cast 


for all the sample 


(quenched from 750° and 850 C) exhibited a see 


ondary minimum at 500 C 

Hardne: data for as-quenched 
hown in Table IL. It may be seen that hardness of 
increased with alloy con- 


amples are 
the quenched structure 
tent 

Effect of Isothermal Transformation on Hard- 
ness—Alloys containing 8.5 and 25.5 atomic pet TI 
were solution treated for 1 hr at 750° and 850°C, 
and isothermally transformed at 300°, 400°, and 
00 C for time All data 
are shown in Fig. 5 

Elevated-Temperature Hardness 
tests showed a decrease in hardne 
temperature for all alloy The 
pressed as log hardne C, and the ultimate hard- 
rn for the 25.5 atomic pet Ti alloy were less and 
vreater, respectively, than for the 8.5 atomic pet 
alloy Under a given set of test conditions, the 
quenched 8.5 atomic pet Ti alloy had a lower soften 
ing rate than for any other heat treatment investi 
vated. Quenching of the 25.5 atomic pet alloy had 
little effect upon changes in hot hardness for the test 
employed. Hot-hardness data are shown 


ranging from '» to 18 hi 


Hot-hardnes: 
with increasing 
oftening rate, ex- 


condition 
in Fig. 6 

Mechanical Properties—Tensile data 
tained for the U-8.5 atomic pet and 25.5 atomie pet 
alloys in the vacuum-annealed condition (10 hr at 
800 C in vacuum and furnace-cooled), and for the 
0 atomic pet alloy in the as-rolled condition, Heat 
machined tensile bat resulted in 


were ob- 


treatment of 


( 
As Aliogs 


Fig. 6—Log hardness vs tem 
perature plots of hot-hardness 
data for U-Ti alloys. Aster 
isked biscuit uranium is induc 
tion melted and hot rolled 
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Fig. 7-—Microstructure of slow cooled U-Ti alloys. a) U-8.5 atomic pct Ti slow cooled 1000°C at 5°C per hr. White needles 
+ uranium Fine dispersion U.Ti b) U-25.5 atomic pct Ti slow cooled from 1000°C at 5°C per hr. White equiaxed phase 
U Ti Matrix « uranium. c) U-50 atomic pct Ti slow cooled from 1000°C at 5°C per hr. White particles: U.Ti. Matrix: a 
titanium. X500 Reduced approximately 30 pct for reproduction 
a b 
Fig 8 Microstructures of quenched U Ti alloys’ a) U85 atomic pct Ti water quenched from 1000°C. Martensitic « uranium 
X500 b) U 255 atomic pct Ti water quenched from 1000°C. Undissolved U.Ti particles, U.Ti precipitate at grain boundaries 
in retained » matrix X500 ©) U-50 atomic pct Ti water quenched trom 1000°C U.Ti network at grain boundaries and fine 
compound precipitate im grains X100 Reduced approximately 25 pct for reproduction 
evere prowth and warping for all alloy The 25.5 may be taken as the hardness of the a phase as a 
itomic pet alloy was too brittle to be machined in first approximation in the U-Ti alloy system, Micro- 
: the as-rolled condition, but was readily machined hardne measurements of the compound, U,T1, 
7 ifter vacuum annealing. The 50 atomic pet alloy howed a Knoop hardness of about 800. The U-8.5 
i failed in the grips with a brittle fracture on each of atomic pet Ti alloy showed a very fine precipitate in 
: two sample tested. No yield strength or ultimate the slow-cooled condition, whereas the 25.5 atomic 
trength values were obtained. However, relhable pet alloy consisted of large equiaxed particles of 
values of the modulus of elasticity were obtained compound in an «@ matrix a hown in Fig. 7. The 
7 The tensile data and room-temperature hardnesse 50 atomic pet alloy had a dispersed compound phase 
> of the tensile bars are listed in Table III intermediate in size to the other alloys. However, 
the amount of compound appears to be much 
; Discussion preater than in either the 8.5 or 25.5 atomic pet Ti 
The hardne changes incurred by varied cooling alloy The hardne results are anomalous, inas- 
: rates from: the region can be rationalized in term much us the hardne hould be a function of the 
: of microstructure Fully annealed uranium gener amount of second phase if the shape and size are 
tly has a hardne of le than 200 Vhn. The solu- held constant. Microhardness measurements of the 
bility of titanium in oe uranium is essentially 0 « phase were made with difficulty. The distance 
therefore, the hardne of annealed Derby uranium between the U.Ti particles was too small to permit 
the entire indentation of the Knoop indenter to fall 
; within the « phase alone, even with the lightest 
7 available load. Value ranged from 398 to 642 
Knoop. Although the values are unreliable, it is be- 
\ heved that some of the a-phase hardness may be at- 
» tributed to oxygen contamination 
” A te, Rapid cooling of the 8.5 atomic pet alloy resulted 
4 in & martensitic « uranium, having the titanium 
i y content of the parent y phase. In the 25.5 and 50 
atomic pet alloys rapid cooling retarded the decom- 


position of » to equilibrium « and compound. Micro- 
tructures of quenched alloys are shown in Fig. 8 
The martensitic structure obtained in the 8.5 atomic 


= pet sample appeared to be imilar to martensite 
observed in steel The 25.5 atomic pet alloy con- 

. tained some undissolved compound. A fine precipi- 

tate formed at some of the prior y grain boundarie 


Fig. 9%—Strain markings at grain junctions in vicinity of in the quenched structure. No precipitate was vis- 
crack in a quenched U255 atomic pct Ti alloy. X100 ible within the grains at X500. The 50 atomic pet 
Reduced approximately 30 pct for reproduction alloy was the hardest of the quenched sample A 
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Fig 10—Microstructures of a U-85 atomic pct Ti alloy quenched from various equilibrium regions of the phase diagram 


a) Water quenched from 900°C (+ region) 


b) Water quenched from 750°C (5 and « region) 


c) Water quenched trom 


700°C (3 and « region). X100. Enlarged approximately 5 pct for reproduction 


nearly continuous grain-boundary network of com- 
present, and a fine precipitate of com- 
also distributed throughout the grains 
evere lat- 


pound wa 
pound was 

Precipitation of the compound caused 
tice strains in both the 25.5 and 50 atomic pct alloys 
It is thought that the 25.5 atomic pet sample had a 
ubmicroscopic precipitate and was comparable to 
an age-hardenable alloy at some intermediate stage 
The volume change associated with the 
tochiometric Composi- 


of aging 
decomposition of into the 
tion of U,Ti (33 atomic pet Ti) was 


large 


calculated to be 
15.8 pet expansion. Thi volume change, 
coupled with the dissimilarity in crystal structures, 
was sufficient to cause severe lattice strains during 
The stresses associated with the volume 
ufficient to raise the yield stress to 
equal to the fracture 
tre Stre relaxation take 
place in the grain or at the grain boundary. When 
relaxation cannot occur, for example, at the Junction 
of three grains, a crack will form and failure take 
place. An example of this can be seen in Fig. 9, 
where quenching of the U-25.5 atomic pet Ti alloy 
from 900°C caused failure. Strain markings can be 
een at the junctions of grains adjacent to the crack 

The effect of crystal structure of the alloy at the 
temperature region of the 
phase diagram trongly influenced the 
of the quenched alloys. Alloys containing 
transform martensitically when 
temperature 723°C, the 
eutectoid temperature The phase 
above 723 C are either y or y + «. The high-titanium 
content of the phase (8.5 atomic pet) causes a 
distortion of the normally titanium-free a lattice a 
The titanium atoms have in 


quenching 
change were 
ome value approaching o1 


relief can occur if 


olution-treating (one 
excepted) 
hardne 
%.5 atomic pet Ti 
above 


quenched from 


equilibrium 


the martensite form 
ufficient time to diffuse out of the 
and are entrapped in the a lattice If 
performed in the » « region instead of in 
than 8.5 
« formed by quenching will 
titanium 
upersaturation is lower, and 
Some « will be present during 


hearing plane 
olution treat- 
ment 
the y region, the y composition will be les: 
and the 


correspondingly 


atomic pet Ti, 


have a lowe! content 
Hence 
the hardness 1 
olution treatment in the two-phase field and will 


The compound 


the devree of 


lowe! 


be observed in the quenched alloy 


exists either as a precipitate or as a grain-boundary 


equal to 
100 pet 


network and results in an overall hardne 


or greater than the structure consisting of 
8.5 atomi 
Quenching the 8.5 atomic pet alloy from the / 


pet Ti martensite 

‘ 
tructure than obtained 
region The 
U.Ti in a matrix of 


final 


other 


region caused a softer 
by quenching from tructure 
finely dispersed 
The in th 


evidenced by the 


consisted of 
tructure was undis- 
on the X-ray 


equilibrium a 


torted, a harp line 
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diffraction pattern. The sharpness was attributed to 
the low titanium content of the 8 phase from which 
the a formed, Microstructures of alloys containing 
8.5 atomic pet Ti quenched from the three regions 
are shown in Fig. 10 

Quenching of the U-25.5 atomic pet Ti alloy from 
various temperatures within the « field resulted 
in higher hardness as the quenching temperature 
was increased. The titanium content of the y phase 
in the > « field increases with increasing tempera- 
ture. As the titanium content increased, the 4 
formed a distorted, supersaturated a upon quench- 
ing. As the temperature increased, more and more 
titanium was retained in the « formed during the 
quench, and the distortion due to a higher degree 
Thus, the increase in 

quenched from the 


of supersaturation increased 
hardness is explained. Alloy 
B 4+ « field contained about 70 pet by volume of the 
hard U,Ti phase, which accounted for the high hard- 
ne Microstructures of this alloy quenched from 
the two regions are shown in Fig. 11 

The only region in the phase diagram from which 
quenching produced little change in hardness with 
olution-treating temperature was the 
ide of the compound 
mall 


respect to the 
y + « region on the titanium 
This behavior is to be expected in view of the 
differences in the amount of U.Ti 
temperatures and of the 


present at the 
mall 
pha A rep 
resentative microstructure may be seen in Fig, 12 

Time of tempering had two effects on the U-8.5 
atomic pet Ti alloy. Martensitic a initially rejected 
a fine dispersion of U.Ti which caused considerable 
Additional time at 
virtue of in 


olution-treating 
Variation in titanium content of the 


hardening up to times of 1 hi 
oftened the alloys by 
compound and a 


temperature 


creased precipitation of corre 


ponding decrease in the supersaturation of @ mat 


tensite. This behavior is analogous to aging and 


Fig. 11—Microstructures of a U-255 atomic pet Ti alloy 
quenched from various equilibrium regions of the phase 
diagram. a) Water quenched from 850°C (‘1 and « re 
gion). b) Water quenched from 700°C (js and « region) 
X100 Reduced approximately 20 pct for reproduction 


OCTOBER 1957, JOURNAL OF METALS—1265 


Table Ill. Mechanical Properties of U-Ti Alloys at Room Temperature 


fitaniom € ontent Modulus of Vield ( timate Flengation Keduction 
Atomic Pet Alloy Condition Plasticity, Psi Strength, Psi Strength, Psi Pet of Area, Pet Hardness, Dph 


erag vith respect to hardme change Fig. 13 of the martensitic @ was essentially completed 
compound particle in a martensitic a Within 1 hi 
145 atomic pet Ti alloy solution treated The 25.5 atorme pet Ti alloy showed a minimum 


HOO Water quen hed. und te mpere dilhr hardmne followed by an increase for amples 


ut 400 ¢ Increased temperin temperature in quenched from both 750° and 850°C and tempered 


creased the amount of precipitation for a given time at 500 C as a function of time. The minimum in the 
at temperature, Fig. l4b. Additional time at tem hardness-time curve appeared to be due to stre 
perature 00 ¢ how in Fig. 13d, increased the rehef, No apparent microstructural change was ob- 
thickness of the grain-boundary precipitate. Finally, erved in this alloy for treatments ranging from 
at 600 ¢ the compound rejection and breakdown '» to 6 hr at 500°C. A 20-hr tempering treatment 
changed the microstructure which is shown in Fig 
14. The longer treatment caused coalescence of the 
dispersed phase and, possibly, the transformation of 
a small amount of retained y which was undetected 
by X-ray diffraction 
No analysis was attempted on the isothermal 
transformation hardne data. In order to account 
for the observations accurately, additional data, 
uch as M, temperatures and X-ray lattice constant 
determinations, would be required. It is apparent, 
however, that a wide variety of hardness level 
may be obtained by suitable heat treatment of a 
viven alloy 
Hot-hardmne data are plotted as log hardness v 
temperature. The semilog scale method of plotting 
wus suggested by Westbrook.’ This plot enables the 
determination of certain constants for a functional 
hardness-temperature relation proposed by Shi- 
Fig 12-—Microstructure of a U 50 atomic pct Ti alloy water hokin.” Unfortunately, these data are not suscep- 
quenched from 700°C X500 Reduced approximately 20 pct tible to an analysis as proposed by Westbrook. In 
for reproduction all but the slow-cooled alloys, the material is in a 


Fig. 13—Effect of temperature 
and time of tempering on the 
microstructure of a U-85 
atomic pct Ti alloy Solution 
treated | hr at 850°C, 
quenched and tempered as in 
dicated. a) | hr at 300°C, b) 
1 he at 500°C, c) 1 he at 
600°C, and d) 4 hr at 500°C 
X250. Reduced approximately 
10 pct for reproduction 


b. 
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Fig. 14—Effect of tempering 
time on the microstructure of 
a U-25.5 atomic pct Ti alloy 
Samples solution treated 1 hr 
at 850°C, quenched and tem 
pered at 500°C for the indi 
cated time a) 2 hr at 500°C 
x1000. b) 20 hr at 500°C 
X250. Reduced approximately 
10 pct for reproduction 


metastable 


change 


condition and will undergo radical 
with time and temperature. Any variation 
in the time-temperature cycle of the test would have 
resulted in other values. The data are included so 
that a short-time comparison may be made between 
the heat-treated alloy 


complete analysi 


and pure uranium. A more 
would require the effect of time 
necessary to heat to temperature, and a time study 
of hardness at temperature. It may be concluded 
that the alloys and heat treatments produced more 
uperior eclevated-temperature strength and hard 
ne characteristics than the pure 
equilibrium alloy structures 

The mechanical properties of the U 
Ti alloy in the 
uperior in every respect to those of the 25.5 atomic 
pet Ti alloy in the 
that uranium alloy 


uranium and 


-6.5 atomic pet 
vacuum-annealed condition are 
ame condition. It is very likely 
containing small amounts of 
titanium may be heat treated to high strengths and 
of ductility. The 50 atomic pet al 
loy appeared very sensitive to scratches o1 
tre raise! The lower modulus values for thi 
alloy may be attributed to the titanium-rich matrix 


moderate value 


low ul 


instead of the uranium-rich matrix 


Conclusions 


The hardne of U-Ti alloys is very sensitive to 
heat treatment. High hardnesses may be obtained 
by either isothermal transformation or by quenching 


and tempering 


Low-titanium alloys transformed martensiticalls 
upon quenching and exhibited high  hardne 
Quenching of the 25.5 and 50 atomic pet alloy 
the region resulted in shattering due to the large 


from 


volume change associated with the formation of 
U Ti. Quenching of these alloy 
table phase produced a high hardnes 
for the 25.5 atomic pet alloy, but eliminated shatter 


ofter structures for the 50 atomic 


from regions where 


U.Ti was a 


ing and produced 
pet alloy 
Tempering of an 85 atomic pet alloy as a fune 
initially produced hardening due to a 
followed by overaging 
and softening. A maximum hardne as a function of 
achieved at 400°C tl hi 


tion of time 
fine dispersion of compound 


temperature wa treat 


ments) 
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Technical Note 


Growth of Iron Alloy Single Crystals from the Melt 


by C. Hall 


EVELOPED to grow 
high hardne 
ple but effective apparatus described in this note 
Growth from the melt, that 1 by the 
technique, may be 
ically 


transformation occurs on cooling to room temp 


ingle crystals of alloy of 
and high melting points is a sim 


Bridgman 
applied to metals or alloy 
Which are phy hard as long as no phase 
employed to 
Al-F« 


ubove 


erature. The present apparatus wa 
grow single crystals of the ferromagnetic 
above 1 wt pet Al and the Si-Fe alloy 

wt pet Si! 

R. C HALL, Junior Member AIME is associated with Magnetic 
Materials Development Section, Westinghouse Electric Corp, East 
Pittsburgh, Pa 

TN 413E Manuscript, Jan 16, 1957 
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Single Crystal Growth 

In a simple form, the method for growth of 
crystal 
charge in a pointed crucible which 1 
ered through a heated zone into a colder 
Solidification starts at the 
tinue up the charge as the crucible 1 
through the heated zone. If a tal nucleate 
ut the throughout 
the charge under ideal conditions of slow growth’ 
prowth wa 


ingle 
from the melt requires a molten metal 
lowly low 
40ne 
bottom point and con 
lowered 
ingle ery 
bottom, one erystal may 


prow 


The presently developed method of 
designed so that the 
crystal would grow were 

The single crystal 


illustrated in Fig. 1 


chance that more than one 
mall 
were grown by the apparatu 


The charge was in the form 
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=) Thermocouple Leads 


Thermocouple Protection Tube 
High-Frequency Water 

i Cooled Copper ©o 

Stationary 


Wedge 


Jul 


harge 
Powmted Alundum Crucible 
Tantaum 
Molypdenum Hod Brice 


Woter Cooled Copper Block 


Out 


Fig 1--Sketch of the furnace for growth of single crystals 
from the melt 


ofa round bar with one end poimmted and the othe: 
end square. The pointed end was machined to fit 
the contour of the pointed-bottom Alundum crucible 
The square end of the charge had a hole drilled in 
it to receive, from the top of the crucible, a Pt 

rt-10 pet Kh thermocouple and thermocouple pro 


tection tube Thu the temperature of one end 
of the bar could be determined at all time The 
furnace assembly, consisting of the 244 in. ID Vyecor 
tube and content wi uppled with power by a 
high-trequeney (10 ke) water-cooled copper coil 
tantalum usceptor urrounding the crucible 


picked up the high-frequency power and radiated 
heat to the crucible and charge. Thu the melt 
Vis thaintamed placid 

lo obtain the proper temperature distribution in 
the melt or charge, the tantalum susceptor wa 
pointed just as the Alundum crucible wa The 
ven point of the usceptor was removed to permit 
au 'y in. diam rod to be freely inserted. This rod wa 
made of smaller molybdenum rods which were 0.05 
in, sq and 3 in. long. This form of laminated rod wa 
chosen in order to reduce the heat that would have 
been pvenerated through induced eddy currents if 
u solid rod had been used. The composite rod wa 
drilled at the top end to receive the pointed crucible 
und was inserted in a water-cooled copper block 
at the lower end in order to extract heat. Thi 
rod supported the crucible and extracted a sufficient 
umount of heat trom the bottom of the crucible 0 
that with the aid of the pointed usceptor thre 
proper heat distribution was maintained and single 
crystals could be grown 

The mechanics of growing crystals may be briefly 
described. After flushing the Vycor tube with helium 
the charge was heated to 100 to 200 C above it 
melting point to be certain that it was entirely 
molten. Then the power input was slightly lowered 
until the thermocouple indicated the melt to be 20 
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NWF 
Fig. 2—Micrograph of a heavily etched surface of a single 
crystal of 3 pet Al Fe. X1450 Reduced approximately 30 
pct for reproduction 


above the olidification temperature. Past 
this point in the heating cycle the power setting 
was not changed. The entire Vycor tube assembly 
was lowered at a rate of 1/4 to 1/3 in. per hi 
through the heating coil. Lowering of the melt 
through this coil generally resulted in a singh 
crystal tarting to grow at the point. Continued 
lowering permitted this crystal to grow upward 
often to the bottom of the thermocouple protection 
tube 
Nature of Single Crystals 

The degree of perfection of the crystals made by 
thi method wa not alway identical. Low angle 
boundari were occasionally produced, although 
crystals could be grown without evidence of them 
Furthermore, the single crystals as grown from the 
melt showed a distinct cellular tructure when 
heavily etehed.” Each main cell had a finer struc 

The etel it of 2o pet trie ad > pet are 


ture as seen in Fig. 2 for an alloy of 3 wt pet Al in 
iron. The photographed surface is approximately a 
(110) crystallographic plane with the angle between 
the direction of growth and the (110) plane (or sur 
face viewed) about 5 degre 

In the Al-Fe alloys above 12 wt pet Al, sevrepa 
tion of the aluminum was observed. For instance, a 
difference in composition of about 1 pet Al wa 
produced in a distance of 2 in. at nominally 15 pet 
Al 

The orientations (ery tallographic direction pat 
allel to the growth direction) of everal inglk 
crystals of Al-Fe and of Si-Fe were found to be 
quite random! distributed throughout the unit 


tereos raphe triangle 
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CsCl-Type Ordered Structures in Binary Alloys 


of Transition Elements 


X-ray diffraction results indicate that in the VFe alloy, the body-centered-cubic 
disordered structure can be almost completely retained by quenching from 1250 C. On 
annealing at 600 C, the disordered body-centered-cubic structure transforms into a CsCl 
type ordered structure before practically any of the stable » phase is formed. The in 
creasing stability of the CsCl-type ordered structure from CrFe to VFe to TiFe indicates 
that the A-B bond increases in strength, as compared with the A-A and B-B bonds. This 
is accompanied by increasing brittleness, increasing lattice contraction, and the disap 
pearance of ferromagnetism. It is probable that the increasingly strong A-B bond results 
from a quasi-ionic bond component due to electron transfer. 


by T. V. Philip and Paul A. Beck 


N a previous note’ it was pointed out that the 

available information suggests a distinct correla- 
tion between the occurrence of the CsCl-type ordered 
structures formed in equi-atomic binary alloys of 
transition elements and the location of the com- 
ponents in the periodic table. A definite increase in 
the bond strength between unlike atoms, a 
pared with that between like atoms, is indicated 
when, in binary alloys of iron group ele- 
ments, the other component i from 
chromium to vanadium or tantalum, to titanium 
Laves and Wallbaum,* reported a CsCl-type ordered 
structure for the stable intermediate phase at the 
equi-atomic composition in the Ti-Fe system (and 
also in the Ti-Ru and Ti-Os systems). On the other 
hand, Tagaya, Nenno, and Nishiyama’ found no or- 
dering of this kind in the body-centered-cubic solid 
solutions in the Cr-Fe system. It was coneluded’ that 
the occurrence of a CsCl-type ordered phase of in 
termediate stability may be expected in the V-Fe 
system. Preliminary result 
Zesting that at least some degree of order does ex 
ist in the equi-atomic alloy VFe, annealed at 1200°C 
and quenched in cold water. Using CrK radiation, at 
least one weak superlattice line wa 
X-ray diffraction pattern which could be indexed a 
(100), and which disappeared, a 
FeK radiation was used 

It was found more recently that the impurity 
phase (presumably VN), previously giving rise to 
additional X-ray diffraction lines and thu 
ing definite indentification of the (111) 
line,’ can be eliminated by preparing the 


com- 


changed 


were described, up 


found in the 


expected, when 


prevent 
upe rlattice 
alloy by 
are melting in a helium atmosphere. The alloy speci 
manner had clean 
and showed very littte, if any, nitride phase in the 
microstructure after annealing in vacuum at 1250°C 
and quenching. The relative intensity of the (100) 
uperlattice line with CrK radiation was greatly 
increased and, in addition, a fairly strong (111) 
superlattice line and even a detectable (210), super 


men melted in thi urface 
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lattice line was obtained, when the powder produced 
by filing from the 1250 C annealed and quenched 
reannealed in vacuum at 625 C for 
a filter in 


pecimen Wa 
l hr. By using a cellulose acetate film a 
front of the photographic film in order to absorb the 
oft radiation resulting from air fluorescence, the 
background intensity could be reduced considerably 
in relation to the intensity of the diffraction lines 
All three superlattice line (100),, (L11),, and 
(210),, disappeared, us expected, when a radiation 
other than Crk, wa 
nealed at 625 C, the 
also appeared weakly, indicating that during an 
nealing at 625 C a small amount of transformation 


used, For the powder rean 
trongest lines of the o pattern 


took place from the body-centered-cubie to the « 
phase. However, since all 


expected in the # angle 


uperlattice lines to be 
range used were actually 
evident that the high 
phase had tran 
tructure before 


very clearly present, it wa 
temperature body-centered-cubi 
formed into a CsCl-type 
much o» phase could form. Reannealing filings for 1 
hr at 700 C resulted in complete transformation into 
the o phase. After 1 hr at 650 C the transformation 
trongest body 


orcde red 


into « was not quite complete, the 
diffraction lines were still present, 
(100), super 
weuk) 


previou 


centered-cubi 
although fairly 
lattice line wa 
These finding not only 
conclusions’ as to the existence of a CsCl-type or 
dered structure in the Fe-V system, but they also 
indicate that thi 
at about 600 C preceding the formation of the stable 
while at 1250°C the disordered body-cen 
table. The faint (100), super 


poe 


weak, and only the 
detectable (extremely 


confirm the 


metastable ordered structure form 


pha 
tered-cubsu pha 


lattice line observed in 


previously 
quenched from 1200°C wa 
fact that the quenching of the powder in an evacu 


ated fused quartz capsule was not fast enough to 


probably due to the 


prevent completely the ordering reaction on cooling 

The present results conform with the suggestion 
that the A-B bond, in relation to the A-A and H-h 
bonds, increases in strength from Crke to VFe to 
TiFe. It i 
measured 
these three alloys with the 
atomic diameters calculated from the 


concerned. Assuming 


therefore, of interest to compare the 
value of the av uve atom diameter for 
corresponding average 
atomic radu 
of the element A- contact 
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na CsCl-type ructure, it follows that the mea 


ied averave atomic diameter 1 7 a 


The a, for VFe and for Tike were determined exper 
nentall by using a symmetrical back reflection 
focusing pres on camera with CrK and CukK radi 
ution, respectivel The a, value for Crke has been 
iif ulated from dati publ hed ny Ni niyvama The 
a, Value the corresponding f r, Vulue and the 
average atomic diameters R, calculated from 
thie radu for coordination number 

cording to Lave ure shown in Table IL. It is inte 

esting that for CrkFe the average atomic diametet 
calculated from the lattice parameter is in complete 
avreement with the sum of the atomic radii accord 

ing to Lave but that for VFe the value calculated 
rom the lattice parameter is low, and for Tike iti 


even lower. That the observed lattice contraction in 


creased with increasing tability of the ordered 
tructure as indicated by the temperature range of 
tiabilit is quite reasonable the increasing 
bond strength and the increasing contraction may 
well be due to an increasing tonie bond component 
esulting from electron transfer, as suggested pre 
ious! It may be noted that the a, for VFe wa 


observed to decrease upon ordering by about O.OOIBA 
i value near the estimated experimental error. In 
line with the above reasoning a decrease in a, might 
be expected when the number of V-Fe nearest 
neighbor nereuse as in ordering. The facet that 
the chanpe 3 o sheht may be attributed to the 
presence of a con iderable devree of hort range 
order in the specimen quenched from 1250°C, even 
though it shows little, if any, long range order. The 
extent of eleetron transfer may be expected to de 
pend on the number of V-Fe nearest neighbor 
hence on short range order 

In this connection, it is interesting to compare the 
three CoC l-type ordered structure Tike, TiCo, and 


Pini for which lattice parameter values have 
Tit nd In the present work with 
nm not detinit fete ble 
re i eased f 1200 

en the tt er 

i i the aboer f 


been published by Duwez and Taylor. In the pre 
ent work, lattice parameters have been redetet 
mined for the three equi-atomic alloys by using a 
mmetrical back reflection focusing type precision 
camera and Cuk radiation. By linear extrapolation 
of the lattice parameter vs co # plot 90 the 
a, Values listed in Table | have been obtained. These 
vile except the one for TiNi, are in fairly good 
apreement with those published by Duwez and Tay 
loot and the two investigation are certainly in 
apreement on a@ significant pont The lattice para 
meter of TiFe is smaller than that of TiNi in spite of 
the facet that, in accordance with the usual atomu 


rudiu of these clement the reverse hould be the 
case. From the data in Table 1, it may be seen that 
this reversal i result of the fact that the lattice 
contraction in FeTi is much larger than that in TiN 
mico bemye in-between. On the basis of the above 


observations regarding CrFe, VFe, and Tike, these 
data may be interpreted to signify that the A-B 
bond in Tike 1 tronger than that in TiCo, and 
this in turn is stronger than that in TiNi. While con 
ideration of the data for CrFe, VFe, and Tike in 
dicate increasing attractive force between tran 


ition element atoms with increasing separation In 
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Table |. Measured Average Atomic Diameter rs + rx and Average 
Diameter R, + R» Calculated from Metallic Radii for Coordination 
Number 8, Laves,* for Transition Element Alloys 


( ontraction 


in A, 
K R Ry Ry 
Alley Lin A in A in A 
Cre 2.875 249 
Vee rdered 2.57 of 
Tike 2976 +0001 2 66 
ri 2 991 2.65 
I O15 0001 204 
Tilte 104 0 00) 276 


the periodic table, as would normally be expected 
the reverse appears to be true for the series Tike, 
TiCo, and TiNi 

It is very likely that these conditions result from 
electronic interactions of the various transition ele- 
ment atoms with each other. Certain conclusions a 
to the nature of these interactions may be inferred 
from the magnetic propertse Preliminary studi 
indicate that VFe is strongly ferromagnetic at room 
temperature, while TiFe, TiCo, and TiNi do not be 
come ferromagnetic even at 78°K. Since the Fe -Fe 
distanees in VFe and in TiFe differ only by about 2 
pet, it is not very probable that the lack of ferromag- 
netism or low Curie temperature in TiFe is due to the 
insufficiency of the exchange forces resulting from 
the large Fe-Fe distances in the alloy as compared 
with those in iron. It appears more likely that elec- 
tron transfer between the iron atoms and the sur- 
rounding titanium atoms reduces the atomic moment 
of iron by decreasing the number of d-electron with 
unopposed spin. This suggestion could be te ted by 
means of neutron diffraction. In agreement with the 
assumption of a quasi-ionic bond in Tike, due to 
electron transfer, this alloy shows considerable hard 
nme and brittlene TINi is noticeably softer and 
le brittle 

In view of the apparently increasing A-B bond 
trenyth from TiNi to TiCo to TiFe, one may wonde: 
as to the cause of the reported absence of a C Cl- 
type ordered structure in TiMn." In order to investi- 
vate further the alloying behavior of manganese 
group elements with titanium, an alloy of the com 
position TiRe was prepared. The X-ray diffraction 
patterns indicated a body-centered-cubic structure, 
with any superlattice lines, in spite of the great 
difference in the atomic scattering factor of titanium 
and rhenium for CrK radiation. The body-centered 
cubic pattern, without superlattice lines, was ob- 
erved after annealing at 1200°C and quenching to 
room temperature, and also after reannealing for 1 
hr at 700° or for a week at 600°C. If a CsCl-type 
ordered structure occurs at this composition, it can 
be stable only below 600° C.* This observation, to 


* Ar { the position TiRe found to be bod 
nitere i itt $199 OOLA, wher ut f three 
i t 1200°¢ nd quenched LA f I 
te perature th ‘ it inear decrease he f the 
t i ent pt ‘ ‘ he i ter 
ting th t i i t ! centered t a i fh 1 
‘ I t ‘ Tikte Ar f the 
rie he quer ed f 1200 °¢ il | t 
‘ it Yr but t lattice eter 
th { Tikte rm X-ray patterr for both Tikke a Tit i 
the body -centered filfracti ‘ 
‘ the ence of i i 
pt P d ted t 
f ‘ ‘ fis} ed precipitat the Ti Re hat the 
pe jing the position The ‘ 
ered t ppe to extend at 1200°¢ 
i than Tikte 


gether with the reported absence of a CsCl-type or- 
dered structure in the Ti-Mn system, appears to in- 
dicate that the A-B bond in equi-atomic alloys of 
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litanium with manganese group elements is much centered-cubic (with a small amount of second 
weaker than with tron group elements. Howeve phase), with no long-range order as quenched from 
the observed contraction of 0.07A of the average the temperature range between 600° and 1200°C 
atomic diameter for TiRe, Table I, is not readily in 
terpreted in the light of the foregoing discussion Acknowledgment 
5 This work was supported by the Office of Ord 
ummary nance Research, U. S. Army, Contract No. DA-11 
There is very clear indication of decreasing A-B 022-ORD-1175 
bond strength, both from the temperature range of References 
the stability of the CsCl-type structure and from 3. & Derw. 3 » Arcre. and P 
its lattice parameter, as a shift is made from titan- I-Type Ordered Structures in Certain Binai 
ium to vanadium to chromium in equi-atomic al- — 
loys with iron. VFe has an order-disorder transfor 
mation in the temperature range between 600° and 
1250 C. Evidence for CsCl-type ordering has been 
previously found’ in alloys of vanadium group ele- 198, ‘Cleveland, 1965. 
ments with ruthenium in the iron group. A parti 
ularly strong tendency to form CsCl-type ordered ms vol. 188, p. 1175; Jouwnan « rats, September 1950 
structures is found in the alloys of titanium with the ; yo os 


iron group elements. Titanium also form uch Februar 


structures with cobalt and nickel but, if the lattice hay gy Fy Ae t 
contraction is accepted as an indicator, the bond a ae “atti 
strength is decreasing from TiFe to TiCo to TiNi + —, 

The two manganese group elements so far studied 
in this respect have no tendency to form CsCl-type 
ordered structures with titanium. TiRe is body- 


Discussion of thi 2 o AIMEE by Des 
ill appear in AIMEF ansactior 2 1958, and in Jouwn 
April 1958 


Notch Tensile Properties of 


Selected Titanium Alloys 


Selected «, ««-//, and (/ titanium alloys have been tested in the notch-tension test 
The base alloys were variously contaminated with carbon, nitrogen, and/or oxygen, and 
the notch sensitivity of the resultant materials was determined in the temperature in 
terval —320°  T 75°F. From these results contamination limits to produce embrit 
tlement at the testing temperatures examined have been established. 


by E. P. Klier and N. J. Feola 


OTCH properties of titanium materials have 
been extensively investigated in the impact 


For the most part the impact strength mea R Q002 


ct trength of titanitun materia mm an exhaustive 


determined and reported in restricted circulat 
tundard Charp V-notch specimer The resuit o ob 

ential agreement with the results reported for the 
i generally used in the referenced studies 


on re 


ured suggests a ductile-brittle transition that lies at 
relatively high temperatures, thus indicating a po 
ible notch sensitive condition at ambient tempera- 
tures. Recently it has been shown‘ that the impact 
trength for unalloyed titanium, as for aluminum 
alloys, may be a nonsensitive index of notch sensi 
tivitVv a provided by the notch strength as measured 
in the notch tensile test 

The notch strength for unalloyed titanium wa 
found to depend on the nitrogen and carbon contam 
ination levels. In the present work the levels to 
which oxygen, nitrogen, and carbon contaminant 
can be tolerated without leading to excessive em 
E. P. KLIER, Member AIME, is Professor of Metallurgy, Syracuse 
University, Syracuse, N.Y. NJ. FEOLA is Assistant Project Engi 
neer, Development Metallurgy Div., Curtiss-Wright Corp, Wood Fig. |—Notched and 


Ridge, N. J smooth tensile 1.13/16 
TP 4504E. Manuscript, July 30 1956 specimens 
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Deck Intermediate Phases in) Binary 
m Elements AIME Trans 1956, vol 
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Fig 2--Tensile and notch tensile properties of a 5 pet 
Al 2') pet Sn Ti as forged alloy as a function of test tem 
Specimen was 03 in. diam, with 50 pct notch; 
0.002 in 


perature 
radius, 


britthlement as determined in the notch tension test 


in selected alloy titanium are reported 


Experimental Procedure 
Materials—It wa 


ensitivity in alloy 


considered probable that notch 
titanium would be dependent 
on the phase relations in the respective alloys, and 
on the allo 


dition. For this reason two a, one f#, and three a-f 


content for a given type of phase con 


type allo vere prepared The base composition 
of these allo ube pre ented in Table I 

Melting and Forging—Melting was completed in 
on inert atmosphere consumable electrode 


crucible are furnace” Sponge titanium and alloy ad 


Coppel 


ditions were pressed into 2 x 2 x 10 in. compact 
which were welded together to form suitable elec- 
mately 30 Ib ingots were melted and 
ved either to 4s or | in. sq bar stock 
The loin tock wa 
to in 
eral, annealed and then used for 


trevwle 


contaminated, remelted, and 
quare bar. This stock was, in gen 
pecimen prepara 


tion 


Table | Base Compositions of the Titanium Alloys 


Nominal Pet Hy Analysis, Pet 
0 005 
0 008 pet 
oO 
0 228 


00185 
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LOADING DATA 
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(NOTCH) 


-200 
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Fig. 3—Tensile and notch tensile properties of a 5 pct Al 
2'2 pct Sn-0.23 pct O,-0.04 pct N.-Ti alloy as a function of 
test temperature. Specimen was 03 in. diam, with 50 pct 
notch; radius, 0.002 in 


Contamination and Analyses—The 1 in. sq bar 
was contaminated in suitable lengths, by the addi- 
tion of measured contaminants in a weld bead along 
the bar. Three to five Ib ingots were then melted 
and processed. Following forging to '% in. sq bar, 
analyses were made for carbon and nitrogen and, 
in selected instances, for oxygen and hydrogen 

The carbon and alloy analyses were determined 
by Kimman and Wheeler, Syracuse, N. Y. The 
oxygen and hydrogen analyses were determined by 
the National Research Corp., Cambridge, Ma The 
nitrogen analyse were determined by a micro- 
cuse University. Compositions of the contaminated 


materials are presented in Table I 


procedure at Syra- 


Specimens and Testing Procedure—Specimens ac- 
cording to Fig. 1 were prepared from the 4 1n. sq 
bar. The notche uitably 
harpened cutting tool. The dimensions of the speci- 
mens were measured on an optical comparator and 
a notch root radius of 0.002 in. or less wa 

tently obtained. Two notched and one smooth 
men were tested at 75 65 ,—100°, and —320 F. For 
each of the three highest temperature pecimen 
were tested at two loading rat The fast loading 
rate led to failure of notched specimens within 3 
to 6 sec. The slow loading rate was adjusted to give 
failure after a time about 100 times that for the 
fast test. Specimens were loaded to fracture in 
concentric loading fixtures,’ which wa 
adapted for testing in a liquid environment at low 
temperatures. All material 
graphically after electropolishing 


were machined with a 


COonsis- 
peci- 


one oft 


were examined metallo- 
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Fig. 4—Tensile and notch tensile properties of a 5 pct Al 
2'2 pct Sn-0.125 pct N.-Ti alloy as forged as a function of 
test temperature. Specimen was 0.3 in. diam, with 50 pct 
notch; radius, ~ 0.002 in 


Representation of the Test Data—Typical tensile 
and notch strength data are plotted against testing 
Duc- 
tile-brittle transitional behavior, however, is best 
determined in the notch tensile test by examina- 
tion of the notch strength ratio. Thus, for the 
pecimens given in Fig. 1, the notch strength (defined 
as the maximum nominal stre under the notch) 
divided by the tensile strength gives a value of 
from 1.5 to 1.7 for a fully ductile material. As notch 
ensitivity sets in, this ratio is reduced and in the 
present work a value of 1.0 is set as the lower limit 
of the ductile range. Values of contamination with 
carbon, nitrogen, and oxygen which give a notch 
strength ratio of 1 at the several test temperature 
are therefore plotted. Additional illustrative curves 
are presented 


temperature to illustrate characteristic trend 


Experimental Results 

The « Alloys—The results obtained for the vari- 
ous titanium alloys form analogous sets. Relatively 
detailed results for the 5 pet Al-2'% pet Sn-Ti alloy 
only, therefore, will be presented 

The microstructure of this alloy is essentially a 
phase and the distribution of the microconstituent: 
is that usually observed. The precipitate structure 
has not been identified but is considered to be made 
up of the compounds of oxygen, nitrogen, and car- 
bon with titanium 

The tensile and notch strength data for the base 
alloy are presented in Fig. 2. The tensile strength 
(75°F) is 125,000 psi and increases linearly with 
reduction in temperature to a value of 180,000 psi 
at —320°F. The notch strength (75°F) is 195,000 psi 
and increases at a decreasing rate with reduction 
in temperature to a value of 225,000 psi at —320°F 
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Fig. 5—Tensile and notch tensile properties of a 5 pet Al 
2'2 pet Sn-0.22 pct N.-Ti as forged alloy as a function of 
test temperature. Specimen was 03 in. diam, with 50 pct 
notch, radius, 0.002 in 


Thus at —320 F this alloy is still notch tough, o1 
the ductile-brittle transition temperature lies at le 
than --320°F. 

If the oxygen content is raised to 0.23 pet, the 
alloy remains notch tough in the temperature in 
terval 75 F to 100 F, Fig. 3, while the tensile 
strength (75°F) is raised to about 150,000 psi. A 
comparable nitrogen content, however, leads to ex 
treme embrittlement, Figs. 4 and 5 

With the addition of nitrogen the tensile 
is raised at a relatively high rate. For the alloy con 
taining 0.125 pet N, it is also indicated that the notch 
strength 1: although for 
the alloy examined the effect may be due in some 
measure to the hydrogen present. As illustrated in 
this figure, it is nearly characteristic that while 


trength 


velocity sensitive, Fig. 4, 


Fig. 6—Interstitial 
compositions which 
give a notch strength 
ratio equal to | at 
the indicated tem 
peratures for the 5 
pet Al-2'2 pet 
Sn-Ti alloy 


Fig. 7—Interstitial 
compositions which 
give a notch strength 
ratio equal to | at 
the indicated tem 
peratures for the 6 
pct Al-Ti alloy 
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Fig 8—Tensile and notch properties of a 7 pct Al-3 pct 
Mo Ti as annealed alloy as a function of test temperature 
Specomen was 03 im diam, with 50 pet notch, radius, 


0 002 in 


the tensile strength curve may be raised the notch 


trength curve remains only slightly displaced un 


til a eritieal condition is obtained, at which point 


tus abruptly lowered. The consequence of this 1 
that as the tensile strength ts raised the curve of the 


notch strength ratio is gradually lowered to a value 


of about | and then seemingly discontinuously 1 


lowered further to a value of about 0.7. The tran 


ition temperature is then moved abruptly from a 
temperature considerably te than 100 F to a 
temperature preater than 100 F, see Figs. 4 and 5 
Where possible, the compositions at which the ten 


ile and notch strengths are equal were establi hed 


at each testing temperature. The data so obtained 
vere plotted in 6 and establish the ductility 
lirrait Le as given by a noteh strength ratio of 


1, as imposed by the inter titial contaminant The 


results for the 6 pet Al-Ti alloy were very similar, 


us is indicated in Fig. 7 

The «-4 Alloys—The two « alloys discussed in 
the preceding section are essentially non-heat 
treatable The a-B allovs. on the other hand, are 
ubject to structural change through heat treat 


ment. In order to minimize property changes due 


give a notch strength 
ratio equal to | at 
the indicated tem 


pct Al.3 pet Mo-Ti 
alloy 
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Fig 10—Tensile and notch tensile properties of a 4 pct Al-4 

pct Mn-Ti annealed alloy as a function of test temperature 

Specimen was 03 in. diam, with 50 pct notch; radius, 
0.002 in 


to structural changes the different contaminated 
bars were annealed together according to annealing 
procedures now in use in commercial practice 

The tensile properties of the uncontaminated 7 
pet Al-3 pet Mo-Ti alloy are presented in Fig. 8 
The tensile strength, which is 155,000 psi at 75 F, 
increase linearly with temperature decrease to 
250,000 psi at 320 F. The notch treneth, which 
also increases linearly with temperature decrease 
to —100°F, drops to 160,000 psi at —320°F. Thus, a 
ductile-brittle transition in the test exists in the 
temperature interval 320 T 100 F. Thi 
transition temperature is elevated as the carbon 
nitrogen, and/or oxygen contents are allowed to 
change. Ductility limits which determine a notch 
trength ratio of 1 are given in Fig. 9 at testing 
temperatures of interest 

The tensile properties measured for the 4 pet Al- 
$ pet Mn alloy are presented in Fig. 10. The tensile 
trength is 140,000 psi and increases linearly with 
reduction in te mperature to 190.000 psi at 320°F 
The notch strength, on the other hand, decreases at 
a low rate with temperature decrease from 190,000 
psi at 75°F to 170,000 psi at — 320 F. The ductile- 


% 
Fig. 11 —Interstitial 
ratio equal to | at 
the indicated tem 
peratures for the 4 Pf 
alloy / 
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Fig 12—Tensile and notch tensile properties of a 8 pct 

Mn-Ti annealed alloy as a function of test temperature 

Specimen was 03 in diam, with 50 pct notch; radius, 
0.002 in 


brittle transition for this material also hes in the 
interval 320 +3 100 F 

Contamination limits of carbon and nitrogen in 
the 4 pet Al-4 pet Mn alloy 
trength ratio of 1 are illustrated in Fig. 11 


producing a notch 


The tensile properties of the 8 pet Mn alloy are 


presented in Fig. 12. The contaminant level in this 
alloy before contaminant addition was sufficiently 
high to cause extreme embrittlement 

The £ Alloy—The f-phase titanium alloy selected 
for study contained 15 pet Cr, and could be retained 
as 8 phase at 75 F only by relatively fast cooling 
through the transformation range. During slow 

tructure is formed. Relatively 
completed on this alloy because 
tructural instability. The tensile 


cooling a pearlitic 
little testing wa 
of this indicated 

properties of the # structure are presented in Fig 13 
From 75°F to 100 F this alloy is evaluated 
notch tough, while a ductile-brittle transition le 
at less than —100°F. If the 15 pet Cr alloy is allowed 
to transform to a pearlitic structure, as by annealing 
ensitive 


it becomes extremely notch 


Discussion and Conclusions 

The notch tensile test has, in the past, been 
developed in the course of notch sensitivity studies 
on high strength steels.’ It is a test of primary 
ignificance for steels as the strength level exceed 
a limit of about 200,000 psi, Fig. 14. In thi 
imilar limiting tensile trengths for the test are 
indicated for both aluminum and titanium base 


figure 


material 
In Fig. 14 the notch 
data for all] titanium alloy 


trength vs tensile strength 
tudied in this investiga- 
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Fig. 13—Tensile and notch tensile properties of 15 pet Cr Th 
as forged alloy as a function of test temperature Speci 
men was 0.3 in diam with 50 pct notch, radius, 0.002 in 


tion are summarized. It is evident that as the tensile 
strength passes through the 130,000 to 150,000 psi 


Table I! Chemical Analyses of the Titanium Alloys Invesitgated 


Alloy 


Al-2'% pet Sn-Ti 


012 
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strength alloys; sharply notched 03 in. diam specimens. Al 
loys 4 pet Mn 4 pet Al Ti; 7 pet Al3 pet Mo-Ti; 6 pet 


strength vs tensile strength curves, so only one curve was 


tof notch embrittlement 


trength chanype from contamination 


concluded from thi 
trength of a titanium alloy exceed 


Characteristi 
15 for consideration of the 
ting temperature change 


been pointed out that the 


accomplished 


also indicated 
and metallographu 
limit may potentially be 


titial contaminant 
certain of the 
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Fig. 15—Notch strength ratio vs testing temperature for se 
lected titanium alloys at the indicated tensile strengths 
Note that the tensile strengths are obtained through the 
addition of carbon, nitrogen, and/or oxygen 


tauminants can be altered some question may be 
raised as to the maximum contamination limits that 
may be tolerated. Indeed, if full ductility as sig- 
nified by a notch strength ratio of 1.5 is required, 
it appears that no increase in interstitial contamina- 
tion over the base level in the sponge is admissible 
for any but the a-phase alloys, if these alloys are to 
be given the conventional heat treatment. The 
possibility does exist, however, that by suitable 
heat treatment alloys containing maximum levels 
of interstitial contamination may be rendered suita- 
bly notch tough for service application 


Summary 

1) Six alloys of titanium have been prepared and 
contaminated variously with carbon, nitrogen, and 
oxygen. The respective materials were then ex- 
amined in the tensile and notch-tensile tests at 
temperatures from 75°F to —320°F 

2) As the carbon, nitrogen, and/or oxygen con- 
tents of the various alloys were allowed to increase 
either singly or in combination, notch sensitivity 
was induced at a contaminant level which depended 
on the alloy and testing temperature. Possible con- 
tamination limits vary for the different alloy 

3) Notch sensitivity in the various titanium 
alloys in the notch-tensile test has been observed 
to depend on the strength level, with the critical 
trength level falling in the 140,000 to 160,000 psi 
range. For those alloys which have good low temp- 
erature toughness the transition temperature in 
the notch-tensile test is also dependent on the 
tensile strength 
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presented 
; interval the notch tensile test becomes a sensitive 
portant to note 
| in the « tion of these data that the tensile 
F eflects and the properties obtained may not be the 
: optimum properties obtainable by suitable struc- 
tures control through heat treatment. However, it 
t as the tensile 
50,000 
notch sensitivity may well be encountered 
For a maternal that undergoes a ductile-britth 
transition this phenomenon its usually found to be 
temperature dependent and in the notch tensile 
test the notch strength ratio plays a role similar 
to the impact strength in indicatu th transition 
with temperature 
brittle transition 
foot elected alloy 
It has already 
temperature defined in terms of a notch strength 
} ratio of 1 shifts abruptly from very low to very 
high temperature and the manner in which th 
; hifting is EM is given in Fig 15. From 
; these curves it 4 een that tensile strengths at 
from 150,000 to 160,000 psi are potentially em- 
britthng for some how 
tures control thi reased 
In this respect titanium alloys analogous to the 
uperior ultra high strength steels would appear 
to bye ible Fig 14 
lished hich inne 
a for which the partitioning of the inter titial con- 
1276 


Acknowledgments 
The work reported in this paper was completed 
under USAF Contract No. AF 33(616)-2281, which 
was administered under the direction of the 
Materials Laboratory, Directorate of Research, 
Wright Air Development Center with Lt. H. Burte 
as project engineer 
References 
Abkowitz, J. J. Burke, and R. H. Hiltz, Jr Titanium in In 
reference to I I Jaffee. D. Van Nostrand Co. Ine New 
1955 
I. Jaffee, F. C. Holden, and H. R. Ogden: Mechanical Prop 
f Alpha Titanium as Affected by Structure and Composition 


ns 1954, vol. 200, pp 282-1290, JounnaL or Merais 
1954 


*H. R. Ogden, F. C. Holden, and R. I. Jaffee: Effect of Alpha 
Solutes on the Heat-Treatment Response of Ti-Mn Alloys. AIME 
Trans., 1955, vol. 203, pp. 105-112; Jounnat or Merats, January 1955 

‘ P Klier and N. Feola: The Effects of Carbon and Nitrogen 
Contamination on the Notch Tensile Properties of Titanium. ASTM 
To be published 

W. W. Stephens, N. L. Gilbert, and R. A. Beall: Consumable 
Electrode Arc Meiting of Zirconium Metal, ASM Trans 1953, vol 
45 871 

Sachs, J. D. Lubahn, and L. J. Ebert: Notch Bar Tensile Test 
Characteristic of Heat Treated Low Alloy Steels) ASM Trans 
1944, vol. 33, pp. 340-391 

P Kier, Vo Weiss, and G. Sachs: A Stepped Austenitizing 
Treatment for 4340 Steel. AIME Trans, 1957, vol. 209, pp. 424-425 
Jovuwnat or Merats, April 1957 


Discussion of this paper sent (2 copies! to AIME by Dee 1, 1957 
will appear in AIME Transactions Vol. 21%, 1958, and in JounnaL or 
Metats, April 1958 


Technical Note 


Cylindrical Carbide Particles 


by J. H. Westbrook 


T is always of interest to document the origin of 

real microstructures which closely approach vari- 
ous idealized morphologies. Such instances consti- 
tute excellent bases for experimental studies of the 
effect of microstructure on properties. Typical ex- 
amples include the eutectoid steels (lamellae) used 
by many investigators and the two phase Cu-Cr al- 
loys (spheres) recently employed by Hibbard and 
Hart.’ The present note describes a structure with 
cylindrical particles 

In a study of certain alloys in the Cr-C system, 
an alloy was are melted whose composition was 
very close to the aCr-Cr,C, eutectic (3.2 wt pet C 
according to the latest phase diagram published 
by Bloom and Grant’). The alloy was not analyzed 
but previous experience with the melting technique 
employed indicates good correspondence between 
intended and analyzed compositions with negligible 
tungsten contamination from the electrode 

The phases present in the alloy were identified 
by X-ray powder patterns as « chromium and 
Cr,C,. Typical micrographs, presented in Fig. 1, 
show unmistakable cylindrical 
geometry of the carbide phase. The eutectic grains 
are randomly oriented and, consequently, only a 
few show the true fibrous nature of the carbide 


evidence of the 
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particles, most being cut so as to show slightly 
elliptical cross sections, Within any particular grain, 
remarkable uniformity is to be observed with re 
spect to the size, shape, spacing, and onmentation of 
the carbide particles. Length to diameter ratios 
have been estimated from the micrographs to be 
at least 250:1, with diameters of about lp 

This alloy may be of further interest from differ- 
ent viewpoints. On the one hand, it might be used 
to check the applicability of the equations derived 
by Fullman® for computing true particle dimensions 
of cylindrical particles from opaque random 
ections. On the other hand, it might be possible 
to extract the carbide particles from this alloy and 
repack them in a ductile matrix to form a synthetic 
structure of the type discussed by Metcalfe et al.’ 
With the large l:d ratio and the small diameter of 
the carbide fibers, it is likely that the interdefect dis- 
tance in each fiber is sufficiently great to permit 
realization of a large fraction of the presumed high 
strength of the carbide 
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Fig 1—Typical microstructures of the aCr-CroC. eutectic showing the cylindricity of the carbide phase. Both, NaOH elec 
trolytic etch. LEFT: X100. RIGHT: X1000. Reduced approximately 15 pct for reproduction 
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Distribution of Boron in Gamma Iron Grains 


The distribution of boron in » iron grains as a function of temperature is studied, 
employing three experimental techniques: a) grain growth in high purity Fe-C and Fe-C-B 
alloys, b) X-ray parameter measurements on Fe-B alloys as a function of temperature, 
and c) the metallographic test for the boron constituent. It is concluded that boron un- 
dergoes positive adsorption to + iron grain boundaries and that the temperature coeffi- 


cient of adsorption is positive 


|° connection with establishing the mechanism by 
Which boron enhance the hardenability of heat 
treatable steels, this research work has been unde1 
taken spretnak and Speiser indicated the need 
for studying high temperature effects in boron steel 
and, chief among these, the possible nonhomogencou 


distribution of boron in y iron grain The oecut 
rence of this effect may be of significance in explain 
ing the mechanism of enhancement of hardenability 
by boron a vell as in explaining some of the ob 
erved characteristics of boron steel behavior Pri 
marl then, thi work wa undertaken a) to 


establish whether or not boron ts adsorbed in 
olid solution b) to determine the nature of any 
uch adsorption effects, Le., whether it is positive 
or negative as well as its temperature coefficient, 
and oc) to establish the magnitude of any uch 
effect 

While past literature on thi pecific subject 1 
rather sparse, a number of authors have postulated 
that the observed te mporary lo of hardenability a 
well as the occurrence of the characteristic boron 
constituent in these steels is due to the nonuniform 
distribution of boron in austenite 


Experimental Techniques 

Attempts to obtain direct evidence of grain bound 
ary effects in boron steels have been unsuccessful 
both by using the technique of Chalmers in which 
mall concentrations of solute made radioactive by 
irradiation are detected by autoradiographic mean 
and by means of studying cleavage fractures with 
the electron mieroscope 

The present study attempts the design of experi 
ments to measure the effect of boron on propertie 


vhich might be ubject to variation because of 
rain boundary effeet A study of the theoretical 
aspects of grain growth indicates that such studi 
may be pertinent. Another valid type of experi 


ment involves the measurement in- polyerystalline 
materials of properties whose values depend on the 
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bulk of the grain, being negligibly influenced by 
grain boundarte One such property is the lattice 
parameter measured by X-ray diffraction The 
value of the lattice parameter reflects the average 
conditions which obtain over a relatively large num 
ber of atoms in a fixed crystalline lattice, and i: 


therefore mainly dependent on bulk grain material 
Measurement of lattice parameter variation over the 
austenite range of temperature in iron with and 
without boron should give evidence of concentra- 
tion variations in the bulk grain material if adsorp- 
tion effects are significant 

Finally, use is made of the Grange and Garvey 
metallographic test for boron in which a charac- 
teristic boron constituent can be developed in aus- 
tenite grain boundaries. The very occurrence of 
this phenomenon suggests grain boundary enrich- 
ment of boron and a study of the occurrence of this 
constituent and its varation with austenitizing 
temperature should help to detect grain boundary 
effect 

Materials 

One |b ingots of pure iron, an Fe-B alloy, an Fe-C 
alloy, and an Fe-C-B alloy were prepared. The 
melting technique included an initial melting of elec- 
trolytic iron under vacuum followed by vemelting 
under hydrogen and, finally, by melting under ar- 
gon with the addition of alloying elements. Each ingot 
wus surface machined between meltings. A quanti- 
tative spectrographic analysis was obtained on the 
pure ingot and, in addition, oxygen, nitrogen, and 
carbon were determined by the vacuum fusion 
method. The results of these analyses are given In 
Table I. Semiquantitative spectrographic analyse 
were performed on the alloy ingots, while quantita- 
tive determinations of the alloy additions were ob- 
tained. These analyses are shown in Table II 

The cast ingots were subjected to the following 


equence of fabrication treatment forging to 5/8 
in. bars. swaging to 0.300 in. rounds, drawing to 
0.025 and 0.010 in. wire Portions of each ingot 


were retained in the swaged condition for experi- 
mental use 

For certain portions of the work typical commer- 
cial steels were used. These materials were supplied 
by the Republic Steel Corp., Canton, Ohio, and cor- 
respond to AISI 8640 and AISI 86B40 compositions 
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Both materials were taken from the same base heat, 
the boron being added to a portion of the heat as 
Grainal No. 79. The composition and treatment of 
these materials are shown in Table III 


Grain Growth Studies 
Many excellent reviews of boundary 
and grain growth theory appear in the literature.” 
The mathematical treatment of grain growth varies 
in complexity, but it is customary to treat the re- 
sults of isothermal grain growth studies in accord- 
ance with a relationship of the form 


kt" [1] 


migration 


where D equals average grain diameter; t equals 
time of anneal; and k and n are constants 

In theory the value of n in the above equation 
should be 0.5, but for metals its value in general is 
less. Fullman” has studied the factors which may 
influence nm and has included the effects of inclu- 
sions, changes in grain boundary free energy, ad- 
sorption of impurities at grain boundaries, orienta- 
tion, polygonization, and strain. A study of these 
effects in detail” shows that even though the ad- 
orption of solute atoms at the grain boundaries 
does not appear to alter the surface energy signifi- 
cantly and thereby influence the grain growth ex- 
ponent, such an occurrence can still have a substan- 
tial effect on grain boundary mobility, which tends 
to decrease n by a large relative amount This 
provides a basis for studying the isothermal grain 
growth chacteristics of the Fe-C and Fe-C-B alloys 
described previously 

Specimens of each alloy 
highly purified hydrogen atmosphere using a system 
analogous to that described by Miller and Day 
Isothermal grain growth curves were obtained at 
temperatures of 1750°, 1850 , and F for times 
ranging from 15 min to 4 hi The average grain 
ize analysis was based on the grain count as ob- 
tained from six photographic fields of about 100 
By using the fol- 
size is then 


were heat etched in a 


grains taken from each specimen 
lowing equation, the average grain 


1.075 A 
M N 
where D equals average grain diameter; M magnifi- 
cation; A, area of field; and N, the average number 
of grains in the field 


According to the equation D~ kt", a plot of log 
D vs log t should give a straight line with slope n 


determined," 


Quantitative Spectrographic and Vacuum Fusion Analyses 
of High Purity tron 


Table | 


Blement 


Mr 005 
Si 001 
Cu 0 0005 
0 005 
0 605 
0001 
0001 
0 0005 
0 0005 
0 0072 
0 002% 


0 


based on the assumption that 
neghgible in comparison to 


and intercept log k, 
the initial grain size 1 
grain sizes encountered on annealing and lkewis« 
that the time for recrystallization is neglgible in 
comparison to the annealing times used. These as- 
sumptions appear valid for the data presented here 

Figs. 1 and 2 show the data plotted according to 
the above scheme and the results are reasonably 
good straight lines. It is apparent that the slope of 
the curves increases continuously for the Fe-C alloy 
over the range of temperatures studied, whereas it 
decreases continuously for the Fe-C-B alloy studied 

In order to refine the data, a least squares analy- 
sis was performed and the best equations to fit each 
set of data points were determined. A tabulation 
of these data is given in Table IV. Further, the 
equations of the straight lines of Figs. 1 and 2 have 
been differentiated to obtain rates of grain growth 
These values are tabulated in Table V 

While the increase of n with temperature is prob 
ably chiefly a thermal effect, the decrease of n with 
temperature in the case of the boron alloy would 
a deterring mechanism for grain 
Examination of the data shows 


seem to indicat 
boundary migration 
that at a given grain size and temperature the rate 
of growth of the Fe-C-B alloy is greater than that of 
the Fe-C alloy, yet with increasing temperature at 
this same grain size the comparable rate of grain 
growth increase is less in the Fe-C-B alloy. Again, if 
we differentiate Eq. 1 


dD 
dt 


Knt" [2] 


and apply the data of Table V at unit time Table 
VI can be drawn up 

From Table VI it appears that there is a differ 
ent temperature dependency of grain growth for the 
The reason for the higher growth rate 
of the Fe-C-B alloy at 1750° and 1850°F is not 
clear, but it could be associated with some nitrogen 
compound in the Fe-C alloy. In any event it seems 
plausible that the observed behavior could be at 
tributed to grain boundary adsorption of boron in 
the Fe-C-B alloy as the temperature increase 


two alloy 


X-ray Diffraction Studies 

underlying the X-ray diffrac 
tion studies of y iron have been briefly considered 
Several preliminary tests on 
indicated that boron doe 
have a measurable effect on the lattice parameter 


The basic concept 
in a previou ection 
the iron and Fe-B alloy 
of iron. Further tests were then carried out in the 
hope that detectable variations of comparative ther 


Table Il. Semiquantitative Spectrographic Analyses of Iron Alloys 


Alley fe tt 
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Fig. |--Isothermal grain growth characteristics of high Fig. 2—Isothermal grain growth characteristics of high 
purity Fe 03 pet C alloy purity Fe-0.29 pct C-0.0021 pct B alloy 


; mal expansion value might be interpreted in the work using pure nickel at about 1000°C indicated 
light of concentration variations that might be in- that the camera gave results accurate to within 
duced by adsorption effect 0.0005A in this temperature range. Fig. 3 presents 
The materials used in this study were 0.010 in the data obtained for the thermal expansion of the 
wires of each of the high purity materials prepared alloys studied. A check with some recent work by 
for this work. Diffraction patterns were obtained Basinski et al.” on lattice parameters in y iron shows 
on each of these fully annealed materials at room fair agreement at the higher temperatures but fair- 
; femperature. A 114 mm Noreleo powder type cam- ly large differences at the lower temperature 
: era was used for this work. The camera was ther Camera, characteristics, alloy purity, and difference 
e mostatted and cobalt radiation without filtering wa in technique may well account for this, but for pur- 
i used, Experimental accuracy was estimated to be poses of this study it is really the comparison rather 
> .O00LA using the extrapolation method of Nelson than the absolute values which is important. Per- 
é and Tiley” in determining the parameter Lattice haps the greatest concern is whether or not the 
- parameters corrected to 20°C, as determined by thi boron is retained in the specimen wires at these 
means, are shown in Table VII. Both boron con high temperatures. Unfortunately, this is very diffi- 
bf taming allo how a parameter contraction with cult to check since neither analysis nor the metal- 
: reference to pure iron whereas the plain carbon lographic test can be applied under these condition 
; alle hows neither expansion nor contraction. On However, the vacuums obtained, as cited before. 
the basis of the patterns obtained it is felt that the would appear to be sufficient for assuming the re- 
: parameter differences are significant, and that thi tention of boron 
: may indicate some effective solubility of boron in A preconceived notion of the expected behavior 
7 iron at room temperature of the thermal expansion of the Fe-B alloy was de- 
. The high-temperature vacuum camera used in veloped as shown in Fig. 4a. This was based on the 
; this work was capable of producing temperature assumption that boron would be in interstitial solid 
ranging from 900° to 1200°C and power input sta olution in y iron. As a result, an expansion of the 
bilization maintains the temperature to within lattice was expected. Further, if the boron were 
2°C. Pressures of the order of 2 * 10° mm Hg were randomly distributed in the y iron over the temper- 
maintained at temperature. For accuracy of meas- ature range of the test, the thermal expansion curve 
. urement and ease of handling the 0.010 in. wire of the Fe-B alloy could be expected to be parallel 
were found satisfactory for use in the experiment to the curve for pure iron. The occurrence of ad- 
Initial tests on the fully annealed high purity wire orption would be indicated if the thermal expan- 
howed that some critical reflections were absent ion curve of the alloy approached that for pure 
due to grain growth and that the diffraction line: iron as shown in the figure. The observed behavior 
were too spotty to insure the needed accuracy. For plotted in Fig. 3 has been redrawn chematically in 
this reason all the determinations could not be Fig. 4b for comparison purposes. Obviously the 
made on one specimen so that the values shown at addition of boron to pure iron causes a contraction 
each temperature represent different specimen: of the lattice. The thermal expansion curve for the 
: from the same length of wire. The problems were alloy is divided into two sections, a and b, in Fig 
further obviated by using cold drawn specimen 4b. The portion of the curve marked a is better 
which recrystallized in the camera during the heat- understood by reference to the Fe-Fe.B equilibrium 
: ing up period. Only the pure iron and Fe-B alloy diagram of McBride, Spretnak, and Speiser In this 
were used and again the Nelson-Riley method wa diagram, at a 0.005 pet B concentration, a two phase 
used in measuring lattice parameter Previou field exists between 906° and about 1025°C. Above 


Table Ill. Analysis of Republic Steel Corp. Heat No. £38720* 
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Fig. 3—The +» phase lattice parameter of pure iron and an 
Fe-0.005 pct B alloy 


1025 C all the boron is in solution in austenite. The 
observed constant slope portion of the thermal ex- 
pansion curve for the Fe-B alloy must then repre- 
sent the solution of Fe.B. Along the portion of the 
curve marked b, the tendency is for the lattice 
parameter of the alloy to converge to that for pure 
iron. This behavior can be plausibly explained by 
concentration variations within the grains as pre- 
viously surmised, Le., the positive adsorption of 
boron in austenite, increasing with increasing tem- 
perature 

The lattice contractions observed when boron 1s 
added to iron indicate that boron atoms occupy 
substitutional sites in both the a and y phases. There 
have been several publications which support the 
idea that boron is substitutional in @ iron On the 
other hand, recent internal friction studies” on 
Fe-B alloys in the a range have disclosed a peak 
attributed to boron, in addition to peaks for carbon 
and nitrogen Because of low concentrations of 
boron involved, it is concluded by these investigators 
that only interstitial boron atoms could give rise to 
such an internal friction peak. As for y iron, on the 
basis of diffusion data showing boron and carbon 
to have comparable diffusion rates in austenite,”” 
it had been assumed previously by the writers that 
boron forms an interstitial solid solution in y tron 
However, the X-ray parameters obtained in this 
work show a definite contraction of the lattice, 
pointing to a substitutional solid solution. Calcula- 
tions’ involving the dependency of solubility on the 
energy required to introduce a boron atom into 
either an interstitial or substitutional position seem 
to support the interstitial solid solution, although 
not decisively. These calculations neglect chemical 
interaction, which probably contributes to the re- 
triction of the solubility of boron 

In considering the atomic radii of boron and iron, 
the radius ratio puts boron about midway between 
the values favorable for substitutional solutions and 


the interstitial solutions and suggests that boron 1s 
slightly more comfortable in a substitutional site 
This leads to an interesting possibility of boron 
atoms occupying both types of sites, with the larger 
fraction in substitutional sites and a smaller fraction 
in interstitial sites at any particular instant (the 
proportions may be altered in a iron because of the 
smaller interstitial hole in this phase). Thus, dif- 
fusion could involve three types of jumps: a) sub- 
stitutional-substitutional, b) interstitial-interstitial, 
and c) substitutional-interstitial. Since most of the 
atoms are expected to be substitutional, a contrac- 
tion of the lattice parameter would be expected 
Such a situation, admittedly unusual, could resolve 
the conflicting evidence on damping capacity, diffu- 
sivity, and lattice parameters 


Metallographic Studies 
Grange and Garvey’ have discussed a unique met- 


allographic test for boron. Whenever addition of a 


small percentage of boron results in increased hard 


enability a characteristic constituent can be formed 
in the microstructure which cannot be found in 
steels not containing boron. Grange and Garvey 
obtained this constituent by heating in the vicinity 
of 2000°F and rapidly cooling to a suberitical tem 
perature where ferrite forms at the austenite grain 
boundaries on holding. The authors speculated that 
boron atoms were concentrated at the grain bound- 
aries at the high austenitizing temperature and pre- 
cipitation of the constituent rapidly 
cooling to the suberitical transformation tempera- 
ture. Under these circumstances it appears that a 
study of the variation of boron constituent with 
austenitizing temperature sensitive 
means of establishing the possible occurrence of 
surface adsorption of boron in austenite 

The material used in this study was a portion of 
a commercial heat of AISI 86B40 steel supplied by 
the Republic Steel Corp. The analysis of this steel 
appeared in a previou Because of the 
extreme sensitivity of these steels to deboronization, 
the specimens were nickel plated before treatment 
were used in 


occurs on 


might be a 


section 


in an argon atmosphere. Salt baths 
subcritical transformation phase of the heat treat- 
ment cycle 

It was necessary to make a preliminary study of 
the temperature and time of holding in the sub- 
critical transformation range in order to obtain op- 
timum conditions for developing the boron con 
tituent Using an austenitizing temperature of 
2000°F it was determined that a 
formation temperature of 1200 F produced the de 
ired ferrite network for developing the constituent 
If transformation temperatures were lowered to a 
point where the proeutectoid ferrite was acicular in 
nature, the constituent was undiscernable. A study 
of the effect of holding times at 1200°F revealed 
present in the first pro- 


ubcritical trans 


that boron constituent wa 


Table 1V. Equations for the Isothermal Grain Growth of an Fe-0.3 
Pct C Alloy and an Fe-0.29 Pct C-0.0021 Pct B Alloy 
at Various Temperatures 


Alloy Temperature, °F Pquation 


046t 
043t 
6 
042t 
O76 


Table V. Equations for the Rate of Isothermal Grain Growth of an 
Fe.0.3 Pct C Alloy and an Fe-0.29 Pct 0.0021 Pct B 
Alloy at Various Temperatures 


Alloy Temperature, 


at 0 00451 
dt 0 000014 * 
dt 
06 0021 pet at 
6.0021 pet B 1450 dt 6 
Zi pet B at 0066! 
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Fig 4--Schematic representation of the effect of boron on 
the expected and observed behavior of the thermal expan 


sion of pure iron 


eutectoid ferrite to form. The amount of constituent 
nereased with time of holding until the proeutectoid 
ferrite transformation was complete. Beyond thi 
time, which appeared to be about % hr at thi 
temperature, no change of the amount or disposition 
of the constituent was noted. Further study showed 
that the coarsening temperature for thi tecl wa 
about LBOO F Detection of the boron constituent 
using austenitizing temperature below this figure 
wus very difficult. Undoubtedly, grain size is of im 
portance in inereasing the boron concentration at 
the wrain boundari 

Phe experiment consisted of heat treating speci 
mens m increments of 100° from 1800) to 2200 F 
for 10 min, quenching into a constant temperature 
alt bath at 1200 F, and holding for 1 hr before 
removal and cooling in an air blast. Each specimen 
o treated wa ectioned, polished, etched with 
pieral, und viewed under the micro cope at magni 
cations from X1000 to X1500. A typical microstruc 
ture obtained by heating at 2000 F 1 hown in 
kip 

The evaluation of the relative amount of boron 
constituent developed in the grain boundaries at the 


Table Vi Temperature Dependency of Grain Growth Rate tor Fe C 
and Fe C-B Alloys 


tet 

ip 
Temper Vetof Temper Pet of 
ature, Increase ature, Increase 

‘ 

24 

‘ 

‘ 
we 


Various temperatures involved the measurement of 
#rain size, the average particle size of the constitu- 
ent, and the relative amounts of grain boundary 
area covered by the constituent in each of the speci- 
mens. Grain size determinations were made by com- 
parison with ASTM charts. The size and boundary 
coverage of the boron particles were determined 
microscopically at X1250 with the aid of a filar eye- 
piece and an oil immersion objective lens. Particle 
ize was estimated by the measuring of diameters 
of approximately 500 particles in randomly dis- 
tributed patches of constituent throughout the speci- 
men To estimate the grain boundary coverage, 
an average of 50 randomly chosen fields per speci- 
men were evaluated. The results of these measure- 
ments are shown in Table VIII along with the calcu- 
lated volume fraction of boron constituent at each 
temperature. This volume fraction was calculated 
according to 


where F equals volume fraction of boron constitu- 
ent; F.,, fraction of grain boundary covered by 
boron constituent; D,, particle diameter; and D,, 
urain diameter 

From the results of the semiquantitative measure- 
ments made, it appears that twice as much boron 
constituent is present in the specimen heat treated 
at 2200° as is present in the specimen heat treated 
at 1800 F. The obvious interpretation of these data 
is that boron must be concentrating at grain bound- 
aries In increasing amounts with increasing tem- 
perature: 

During the course of this work, several attempts 
were made to develop the boron constituent in high 
purity Fe-B alloys as well as high purity Fe-C-B 
alloy In each case the alloy without carbon failed 
to develop the constituent. This appears to correlate 
with the data obtained by Darken et al.~”™ on the 
phase equilibra in the ternary Fe-C-B system. This 
work establishes the presence of boro-cementite at 
temperatures in the austenite range of this system 
Boron apparently substitutes in part for carbon in 
this compound. It is probable, then, that the ob- 
erved boron constituent is a boro-cementite com- 
pound 

Summary and Discussion 

Taken together, the results of studies involving 
urain-growth characteristics, lattice parameters, and 
metallography indicate the following 

1) Boron is adsorbed in y iron 

2) The nature of the adsorption is that a) it is 
positive, Le., boron atoms tend to segregate at the 

grain boundaries, and b) it has a positive tem- 
perature coefficient, Le., boron atoms segregate to 
the y grain boundaries in increasing amounts with 
increasing temperature 


Table VII. Lattice Parameters of Pure tron and Some tron 
Alloys at 20°C* 


Parameter 


Alley Corrected to 2° 
Pe 2 866 
Fe-0) 005 pet 2 
Fe-0. 30 pet ¢ 2 866 
Fe-0 29 pet C-0.0021 pet B 2 8604 
* tered cobalt idiat the ted 
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3) A semiquantitative microscopic analysis of the 
boron constituent in AISI 86B40 indicates that about 
twice as much constituent is present in the y grain 
boundaries at 2200 as is present at 1800 F 

4) From a study of the variation of lattice param- 
eters in both a and y iron, with and without boron, 
it appears that the boron atom forms a substitutional 
solid solution in both of these phase However, 
recent diffusion data and anelasticity studies also 
point to the existence of interstitial solutions involv- 
ing boron in iron 

It is well established that boron in hardenabl 
steels acts to delay the start of the decomposition 
of austenite. The normal concentrations of boron 
in the bulk of the grain seem to have no deterring 
influence after the transformation is initiated. This 
behavior suggests a critically enhanced concentra- 
tion at the grain boundaries. Such an enrichment of 
boron atoms can be brought about by a positive 
temperature coefficient of interfacial adsorption, a 
demonstrated by the research being reported 

The idea of a positive temperature coefficient of 
adsorption is often rejected on the basis of behavior 
of gas adsorption in catalysis. The heat of such ad- 
sorption is generally exothermic and, according to 
the Le Chatelier principle, increasing the tempera- 
ture will reduce the degree of adsorption, yielding 
a negative temperature coefficient. However, Tay- 
lor and Glasstone” point out that heat 
tion from solutions, and also the amount 
tion, are complicated by the participation of the 
olvent and are correspondingly difficult to inte: 
pret. In this particular case of solid solution inter- 
everal factors can change with 


of adsorp 
of adsorp- 


facial adsorption, 
temperature, such as the chemical interaction be- 
tween solute and solvent, the magnitude of the in- 
terfacial energy, the effect of the solute on the inter- 
facial energy, and the strain energy effect resulting 
from the distortion induced by the solute atoms. It 
is reasonable then that the temperature coefficient 
cannot be predicted a priori. The author have 
pointed out previously that the temperature co- 
efficient of adsorption in_ solid 
determined experimentally because of the limita- 
tions in the present state of our knowledge 


solutions must be 


Acknowledgments 

This research was supported by the Aeronautical 
Research Laboratory, Wright Air Development Cen- 
ter, under Contract No. AF18(600)-94, with J. W 
Poynter as project engineer. This paper is 
on a portion of a thesis by R. M. Goldhoff submitted 
in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy to Ohio State Uni- 
versity. Professor R 
discussions in certain phases of the work 


based 


Speiser contributed valuable 


References 
and 


18 (600) -94 


ik 


Table Vill. Statistical Analysis of the Boron Constituent Formed in 
Specimen of AIS! 86840 Steel under Conditions of Varying 
Heat Treatment 


Temper 

ature of Fraction of 

Austenitic Average Average Crain 
Treat Particle Grain Houndary 

ment, °F Diam, Mm Diam, Mm Covered 


Koren 
Constituent 
Volume 
Fraction 


1800 

1900 

2100 


2200 
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Fig. 5—Boron constituent developed at prior austenite grain 
boundary. Heat treatment austenitized 10 min at 1800°, 
quenched to 1200°F and held | hr, cooled to room tempera 
ture in air blast. Picral etch. X1250. Reduced approxi 
mately 30 pct for reproduction 
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Technical Note 


Crystallographic Angles for Manganese Bismuthide 


by W. J. Romanow 


SCEN1 papers by Williams, Sherwood, and 
joothby, Seybolt et al.” Heike and Roberts’ 
attest to the increasing importance of the hexagonal 
ferromagnetic compound Since the magnetic 
properties of MnBi erystais are highly anisotropic, 
it is useful and necessary to have appropriate aid 
for determining their orentation a (00-1) stand 
ard stereographu 
tuble of erystallographie angles for thi 
The tables of crystallographic angles for the hexa 
onal system available in the literature’ are com 
greater than that of MnBi and 
cannot satisfactorily be used to find the crystallo- 
vraphie angles of MnBi 
A table of angles between the crystallographiu 
planes (HK-L) and (hk-l) was calculated for MnBi 
from the formula 
Hihs Ki l4(Hk +hK)4 
(H’ 4 4+ HK + % (a/e)’ L*) Ch 
V + k*? + hk + % (a/c) 


on an IBM Type 650 Magnetic Drum Data Proce 
The lattice constant 


projection and a corresponding 
tructure 


puted for c/a ratio 


(a/c)*Ll 


ing machine used are listed in 


W J. ROMANOW is associated with the Bell Telephone Lab 
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Table |. Angles Between the Crystallographic Planes 
of Manganese Bismuthide* 


i 


00 
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Table I and are those determined by Willis and 
Rooksby’ at 20°C. More recently published values 
obtained by both X-ray and neutron diffraction 
how no difference from these significant to the cal- 
culation 

From the crystallographic angles between the 
basal plane (00-1) and the general plane (hk-l) in 
Table I, an (00-1) standard stereographic projection 
was made for MnBi which is shown in Fig. 1 
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Some Internal Friction Studies in Columbium 


Carbon has been found to diffuse in columbium at a slightly more rapid rate than 
nitrogen. At | cps, that internal friction peak which arises from the stress-induced order- 
ing of carbon in columbium is found at 268°C while the nitrogen peak occurs at 285°C. 
The diffusion coefficients are: D 0.0046 exp (—33,300/RT) for carbon in columbium 
and D- 0.0072 exp (—34,800/RT) for nitrogen in columbium. The carbon peak in colum- 
bium is very unstable, the height declining rapidly with time in contrast to the nitrogen 
peak. The ratio of the height of the nitrogen peak to the concentration of nitrogen in 
solid solution (expressed in wt pct) was found to be 0.33, in good agreement with previous 
work. The internal friction in high purity columbium was found to be a sensitive function 
of the strain amplitude at which the damping was measured. 


by R. W. Powers and Margaret V. Doyle 


NTERNAL friction 

as functions of temperature, have been used ex- 
tensively to obtain data on the mobility of interstitial 
impurities in the Group V metals, vanadium, coluin- 
bium, and tantalum. For a given frequency of vibra- 
tion, the internal friction peaks at a temperature 
which depends principally on the particular metal 
and interstitial impurity. Relaxation times and 
corresponding activation energies are determined 
from a knowledge of such peak temperatures for 
various vibration frequencies. These experimentally 
determined relaxation times are related to the aver- 
age jump frequencies of the interstitial impurity 
atoms using the model of Snoek' and can be related 
to macroscopic diffusion coefficients as shown by 
Polder 

In these Group V elements, the impurity whose 
diffusion rate has been the hardest to pin down by 
the internal friction technique has been carbon. The 
experimental difficulties associated with carbon in 
these metals were not evident in the earliest inves- 
tigation carried out by Ke on tantalum.’ The carbon 
peak was thought to occur near 140°C at 1 eps 
on the basis of the enhancement of the height of 
this peak measured on specimens which had been 
coated with colloidal carbon and heated in vacuo 
at 1200°C. Presumably on the basis of similar evi- 
dence, Wert identified a peak also near 140°C at 1 
cps in columbium with the diffusion of carbon in 
that element.* 

Later, the difficulties of admitting carbon into 
these metals without imultaneously introducing 
oxygen were pointed out by Ang and Wert’ and by 
Marx, Baker, and Sivertsen.” The latter suggested 
that the peaks attributed to carbon in tantalum 
and columbium might arise from the presence of 
absorbed during 


measurements, carried out 


trace of oxygen, adventitiously 
the carburization. Such confirmed, at 
when it Was ible to 


without contamination by 


USpIcIOnN Wa 
least in tantalum found po 
prepare C-Ta 
Specimen 


pecimen 


oxygen © prepared, although high in 
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carbon content, gave no evidence of a damping peak 
near 140°C 

Recently, the authors were able to show that car- 
bon diffuses in tantalum at a rate only slightly 
slower than that for nitrogen.” At 1 eps, the carbon 
peak hes at 349°C, only a few degrees above the 
nitrogen peak at 341°C. However, the two could be 
distinguished by a different stability with respect to 
aging at 400 C and by a different dependence of 
peak height on solute concentration. On the basis of 
this experience with tantalum, it appeared worth 
while to search also for a carbon peak in columbium 
in the vicinity of the nitrogen peak." 

* The nitrogen peak in columbium has been investigated by Ang," 
Ang and Wert,” and Marx, Baker, and Sivertsen 

In this report, the location of the carbon peak 
in columbium is made known and its position rela 
tive to the nitrogen peak is compared with the au 
thors’ previous findings in tantalum. In addition, a 
second source of internal friction seen only in speci 
mens of very high purity is discussed 

Columbium was obtained from the Fansteel 
Metallurgical Corp. as either 30 or 40 mil diam 
stock. The manufacturer gives the following analy- 
is as typical of this material: 99.4 pet minimum 
Cb, 0.10 pet maximum C, 0.5 pet Ta, 0.04 pet Ti, 
0.02 pet maximum Si, and 0.01 pet maximum Fe 
Wire 
4 to 16 hr in an ultimate vacuum better than 2.10° 
cribed previously” This 


13 in. long were degassed near 2200°C for 


mm Hg in an apparatus de 
treatment reduced the oxygen and nitrogen damp 
ing peaks observed in the as-received material to 
le than 0.0001 in GQ above background. The latte: 
value varied somewhat from specimen to specimen 
in the range 0.0004 to 0.0008, depending chiefly 
on the wire diameter and the frequency of vibration 
The high temperature evacuation left the specimen 
in a rather soft condition, the Vhn being reduced 
to 40 from a value near 12] in the as-received con- 
dition. The grain size wus about the diameter of 
the specimen. After outgassing, were 
loaded with carbon by absorption of such hydro- 
carbons as methane or ethylene. Carbon was also 
added to a few specimens by heating them at 


pecimens 


OCTOBER 1957, JOURNAL OF METALS—1285 


7 


20 


i? is i9 


WAI 


Fig 1-—Carbon and nitrogen internal friction peaks in 
columbium 


2000 © in vacuum following application of a ecar- 
bon black-water slurry to their surface Carbon 
olutions prepared in this manner were subject to 


almost no contamination by oxygen. The oxygen 
peak in no cause exceeded 0.0003 in Q'. The very 
high carburization temperature used were sug- 
tested by the experiments of Mr M. R. Andrews, 
whe found many years ago that the absorption of 
oxypen by tantalum decreases rapidly with increa 
ing temperature The situation in columbium 1 
presumably similar. The presence of carbon in co- 
lumbium produces a damping peak near one pre- 
viously reported to arise from the diffusion of nitro- 
ven. Consequently, for purposes of comparison, the 
internal friction wa tudied also in) columbium 
pecimens to which nitrogen was added by the ab- 
orption of either molecular nitrogen or ammonia 

The internal friction measurements were made in 
u torsion pendulum of the sort popularized by Ke 

Identification of the Carbon Peak in Columbium— 
In Fig. 1, plots are shown of internal friction vs 
reciprocal temperature for various columbium speci- 
mens, Which had been evacuated and then charged 
with carbon or nitrogen as designated in the figure 
For purposes of critical intercomparison, the variou 
curves have been normalized to unity at the peak 
The background damping has been subtracted from 
the observed damping in each case. Note that in 
columbium, carbon diffuses at a somewhat mor 
rapid rate than does nitrogen. At 0.55 eps, the car- 
bon peak is located at 258°C while the nitrogen 
peak is found at 275 C. This is the inverse of that 
found previously in tantalum. In the latter, carbon 
diffuses at a slightly slower rate than does nitrogen 
Moreover, in the specimens charged with carbon, 
either no peak or one not larger than 0.0003 was 
found near 140 C. This observation demonstrates 
that the previous association of the 140 peak in 
columbium with carbon was incorrect, and that the 
140) peak was caused by absorbed oxygen 

Aging of C-Ch Solid Solutions—The height of the 
carbon peak in columbium was found to decline 
with time. This aging proce which proceeds con 
iderably more rapidly than in C-Ta solutions, un- 
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NITROGEN 


< 


NUMBER OF TIMES SPECIMEN HEATED 


doubtedly contributed to the initial delay in identi- 
fying the peak and made the characterization rathe! 
difficult. This effect is presumed to arise from the 
precipitation of columbium carbide. It is illustrated 
in Fig. 2, where for a specimen loaded with 0.01 
remeasured 


wt pet C, the damping peak height was 
between successive heatings of the pendulum furn- 
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Fig. 3—Height of N-Cb damping peak as a 
nitrogen concentration 


Fig. 2—Difference in stability between the nitrogen and the 
carbon peak in columbium with respect to aging at 310°C 
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Fig. 4—Determination of the activation energies for the 
diffusion of carbon and nitrogen in columbium 


ace to 310 C. The peak damping is plotted against 
the number of times the specimen had been heated 
to 310 C. The instability of carbon solutions should 
be contrasted with that of nitrogen solutions. No 
aging of the peak, in a specimen containing 0.01 wt 
pet N, was expected from the work of Ang and 
Wert. None was found, as shown also in Fig. 2 
Peak Heights as Functions of Solute Concentra- 
tion—Attempts were made to establish the relation- 
ship between the height of the carbon peak and the 
carbon concentration. They were not successful be- 
cause of the rapid aging of carbon solutions as di 
cussed above. The height of the carbon peak for a 
varied considerably 


carbon concentration 


pecimen to specimen and appeared to depend 


given 
from 
critically on the 
higher peak heights were observed in those speci 
compared with 


rapidity of quench. In general, 


mens prepared with methane, a 
those prepared from ethylene. It is assumed that 
this is due to the greater amount of hydrogen asso 
ciated with a given quantity of carbon in methane 
The greater amount of hydrogen gives rise to a more 
rapid quench and thus provides for higher degree 
of supersaturation 

The height of the nitrogen peak in columbium a 
a function of nitrogen concentration was determined, 
however. The data are reproduced in Fig. 3. A 
linear relationship, as predicted by Snoek’'s theory, 
was noted with a peak height to wt pet N ratio 
of 0.33. For most other systems in which this ratio 
has been measured, such as for carbon and nitro 
ven peaks in iron and oxygen and nitrogen peak 
in tantalum, a value near | has been observed 
The present value of 0.33 confirms very well, how 
ever, the result of Ang and Wert, who obtained an 
average value of 0.34 from three determination 
The agreement is particularly satisfying since the 
methods used for determining nitrogen concentra 
tion were so disparate. The method used here is e 
entially a measurement of the volume of gas ab 
orbed by a specimen of known ma whereas Ang 
and Wert had a determination made of the amount 
of nitrogen extracted 

Diffusion Constants for Carbon and Nitrogen in 
Columbium—Some time ago, Polder, and later Wert 
and Zene1 howed that the diffusion coefficient 
for an interstitial impurity in a body-centered-cubi 
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STRAIN AT SURFACE OF 


Fig. 5—Strain amplitude dependence of internal friction in 
pure columbium 


metal is related to the relaxation time for the stress 
induced interstitial impurity atom 
through the expression D a’/36r. Here D is the 
diffusion coefficient; a, the lattice parameter; and 
r, the relaxation time. At the temperature at which 
the internal friction peaks, + logf, where f is the 
Since relaxation 


ordering of 


frequency of the applied = stre 
times involving diffusional processe 
expressed as functions of temperature in the form 


exp (E/RT), the parameters 7, and FE, the ac 


can usually be 


tivation energy, can be obtained from plots of lo 


garithm of applied frequency vs reciprocal peak 
temperature, Such information for both carbon and 
nitrogen in columbium are tabulated in Table I 
and are presented graphically in Fig. 4. The diffu 
ion coefficients are found to be D 00046 exp 
(-33,300/RT) for carbon columbium and D 

0.0072 exp (--34,800/RT) for nitrogen in colum 
bium. The error limits given in the figure are for 
the 50 pet confidence 
having been given for the small 


limit, appropriate correction 
ample size 
Jecuuse of the rapid aging of the carbon peak, it 
wus not possible to determine the constants for the 
diffusion of carbon in) columbiurm with the ae 
customed precision. Even though the constants for 
nitrogen in columbium have been measured pre 
viously and have been collated by Marx, Baker, and 
Sivertsen, it would appear that the earher mea 
containing 


urements were made with 


nitrogen at high concentration, It is now known that, 


pecimen 


as a result of interactions between the impurity 


Table |. Experimental Data Used in Determining Diffusion 
Coefficients in Columbium 


Specimen Containing 
We Pet 


Specimen Containing 
WtePet NS 


Applied Peak 
brequency Temperature 


Applied 
Prequency Temperature 
‘ 
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storms them V the activation energy is somewhat 


ther when asured on specimens containing im- 
at high concentration in comparison to that 

peciamens containing low concentration It 

this reason that it was considered worth 

irement 

Internal Friction in Pure Columbium—!In all the 

added 


train 


ile to repeat the mea 


into which carbon or nitrogen wa 


trictly 


pecimen 
the damping wa independent of the 
trains of 10°. However, for 


which were 


amplitude ut least up to 


merely evacuated at 
and into which no impurity was back added, 
the damping proved to be a sensitive function of the 
hown in Fig. 5. It seems best to 
describe this physical situation as a 


ZZ00 


pecimen 


amplit ide, a 
econd mode of 
which becorne im 


mechanical ab orption 


portant when the impurity concentration is reduced 


Phe strain amplitude dependence was found to in 
temperature up to those temperature 
Which oxy#en is absorbed. For columbium speci 
mens in a pendulum through which high 
flowing thi 
absorbed oxypen 


train amplitude dependent damping. For the most 


purity 
995°C 


temperature is near 
irreversibly represse the 


curefully evacuated specimens, the damping 1 
train amplitude dependent down to amplitudes of 
ut least 10 For le 


which have ab orbed very 


completely evacuated speci 


mens or for those mall 
mounts of impurity, there appears to be a range 


of strain in which the damping is independent of 


amplitude, Above a eritical amplitude, however, the 
rapidly train. It was ob 
erved that internal friction of this sort is very ‘n- 
itive to 


uoings by a factor of 10 or more on application of 


damping increase with 


mall amount plastic deformation, in 


plastic strain or 10° It appears to be independent 


of tre quency 
Internal friction with the characteristics described 
previously in 


above hus been observed many time 


olids It is usually interpreted 


motion of dislocation seg- 


various Classes of 
from the 
Very possibly, 
of impurity atoms for dislocation 
metals, higher 
of purity are needed to observe this pheno- 
menon with these metals. The author observa- 
tions have been briefly described to make the point 
that the onset of thi 
orption imposes a lower limit to the concentration 
relating to the diffusion of 
impurities in body-centered-cubic metals may be 
friction technique 


a“ arising 
ment because of the greate: 
binding energie 
in body-centered-cubi omewhat 


depres 


econd source of energy ab- 


at which investigation 


carried out using the internal 
This limit appears to occur in the neighborhood of 


10° to 10° wt pet impurity 


References 


Discussion pe t cop o AIME b De« 
ippear t 1958, and in Jouwna 
Apr 


Discussion — lron & Steel Division 


Hydrogen in Steelmaking Slags 


Self-Diffusion of Iron in Molten Iron-Carbon Alloys 


*TP4638C 


1288 


JH. Walsh, J. Chipman, T. B. King, and N. J. Grant 


1291 


L. Yang, M. T. Simnad, and G. Derge 


Hydrogen im Steelmaking Slags 


P. Herasymenko (New York University, New York) 
The authors’ experiments on equilibria between wa 
ter vapor and lquid synthetic slags represent a valu 
able contribution to our knowledge of the 
liquid slag They can be regarded as a proof of toni 
olved in lags The 


nature of 


plitting of water molecule di 


assumption that olved in lag was com 


water di 
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pletely ionized was made in my report on hydrogen 
equilibria in steelmaking as early as 1940 In that 
paper, the first systematic data were given on the con- 
tent of ionized hydrogen in acid and basic open-hearth 
lag The paper probably escaped the notice of the 
although they mention the articles published 
who reported erratic and 


author 
later by other investigator 
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unreliable measurements of hydrogen content in in 
dustrial slags In our experiments, the slag samples 
were taken as follows: Slag was cast into a water- 
cooled iron tube closed at one end; the upper end was 
provided with a ground joint, so that the tube could 
be tightly sealed by a cap immediately after casting 
the sample. Water vapor which evolved from the 
lag sample during solidification was determined by 
gas analysis of the air above the sample. The amount 
of water collected from the air above the sample in the 
ealed tube was usually smaller than 5 pet of the total 
hydrogen content of the sample 

The solid slag sample was afterwards quickly trans- 
ferred from the sealed iron tube into a quartz tube and 
heated in vacuo at 950 - 1000°C for three hours. Water 
vapor extracted from slag samples passed through a 
heated bed of ferromanganese lumps and was con 
verted to hydrogen gas, which was then determined by 
gas analysis The weighing of samples was carried 
out after vacuum extraction. It was found to be es 
ential that slag samples should not be exposed to 
moist air for a time longer than 2 min, because basi 
lags absorbed water from the air. Acid slags were 
not hygroscopic when present in lumps of about '4 in 
ize. The average content of hydrogen in acid open 
hearth slags determined on a large number of sample 
was found to be (H) 122+ 20 ppm. The average 
value reported by the authors is practically the same 
as ours (12.7 + 2.1 ppm). This excellent agreement 
shows that our extraction method was equally as re 
liable as that described by the authors. Evidently, the 
diffusion rate of hydrogen ions in slag imples at 
950°C was high enough for complete cxtraction of wa 
ter from lumps of % in. size in 3 hi 

There is, however, a surprising lack of agreement in 
the results for the average content of hydrogen in 
basic slag The authors report for basi lags the 
average hydrogen content (Ti) 33 ppm, whereas oul 
average value was (H) ll ppm, Le., practically the 
ame as in acid slag Such a large d screpancy can 
not be due to difference in the extraction method 
Basic slags are very hygroscopic, and can easily ab 
orb 20 or more ppm of hydrogen during cooling in 
air and storing, or even during weighing prior to 
vacuum extraction. It is not certain if these source 
of error were eliminated in the authors’ experiment 
Further experimental work is necessary to develop re 
liable analyses of hydrogen in basic slaj 

The authors did not consider the po 
metal equilibria for hydrogen, apparently for the fol 

They equilibrated acid open-hearth 
team-nitrogen atmosphere at Puy 0.25 
olubility of (oxidized) hydrogen 
Therefore, according to the 
hould 


ibility of slag 


lowing reason 
lags with a 
atm, and found the 
in slags equal to 33 ppm 
authors, the solubility of hydrogen in acid slag 
be given by the equation 


(H ppm) — [1] 


Acid open-hearth slags contained an average of 12.7 
ppm; therefore, the activity of water vapor for these 
lags calculated from Equation 1 should be equal to 
Pu 0.03 atm 

Acid open-hearth steel as made in the United State: 
contains on the average [H] 3 ppm and [O} 0.010 

0.015 pet. Using the thermodynamic data on equl- 
libria 

ly H.Otg) 


ln O.( pf) 


H ly H.(g) 


we find that the activity of water vapor in steel 1 
about p 6 ~ 10° 10° atm, 1e. 30 to 50 times lower 


than the water vapor activity of the acid slag calcu 
lated above. Thu 
ity gradient for water vapor at the slag-metal interface 
hould be very high, and the distance from equilibrium 


according to the author the activ 


very large 
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However, the above reasoning is not convincing, 
Let us consider the starting point of the above train 
of thought. In reporting that an acid slag equilibrated 
with water vapor at 0.25 atm. pressure dissolved 33 
ppm hydrogen, the authors tacitly assumed that the 
lag after this equilibration remained practically the 
ame as the original slag from the open hearth furnace 
or, at least, that any change in the composition did 
not affect the hydrogen solubility. However, the oxy- 
gen potential of water vapor at 0.25 atm. pressure ts 
o high, that a slag—which, for instance, had the in- 
itial composition 19.5 pet FeO, 0.5 pet Fe,O,, 20 pet 
MnO, 4 pet CaO and 56 pet SiO.---will change its na- 
ture so profoundly as to lose any resemblance with 
the original acid open-hearth slag. Practically all fer- 
rous ions will be oxidized to ferric ions, and solid 
silica will precipitate from the slag, which was origi 
nally saturated with silica. The amount of the remain 
ing liquid phase may be considerably reduced. There 
fore, there is no justification in using the solubility of 
hydrogen obtained in such experiments for the caleula- 
tion of the activity of water vapor in an acid open- 
hearth slag of entirely different composition. The true 
olubility of water vapor in slag could be obtained only 
under a (H, 4+ H.O) atmosphere having the ratio of 
Pu. to po, such that the composition of slag remained 
the same as it was in the open-hearth furnace. Until 
uch data are available, the authors’ conclusion—that 
hydrogen distribution between slag and metal should 
be very far from equilibrium—cannot be regarded as 
proven 

Steelmaking slags always contain suspended drop- 
lets of liquid steel—sometimes a few percent of the 
lag weight. A very high activity of water vapor in 
lag cannot be maintained in the presence of finely 
dispersed steel globules. Therefore it is reasonable to 
assume that the actual activity of water vapor of slags 
is much lower than that assumed by the authors, and 
hould be near to equilibrium with steel. My own 
tudies on hydrogen contents of the open-hearth fur- 
nace slags and steel strongly support the conclusion 
that hydrogen content of liquid steel is determined by 
oxidation reduction equilibria such a 


+O 2H+O 
2H’ + Fe 2H + Fe 
2H’ + Mn 2H + Mn 


interdependent. The last equi 
for practical rea 


which are, of course, 
librium is the most convenient one 
ons—for the description of hydrogen distribution be 
tween slag and metal 

From numerous analyses of steel and slag in the 
acid open-hearth furnace the equilibrium constant 


[pet (pet MnO) 
a (pet H)* [pet Mn} 


was calculated. In acid slags the weight percentages 
of (H) and (MnQ) are proportional to ionie concentra 
tions of H' and Mn” ions. The value of the constant 
in Eq. 2 was found to be 


97 at 1600°C 


This constant decreased with temperature, but the 
effect of temperature was not determined sufficiently 
accurately. Fig. 17 shows the content of hydrogen in 
acid steel as a function of pet Mn and pet MnO at 
1600°C and at (H) 12 ¥10* pet (12 ppm) 

The diagram can used to explain why different 
hydrogen contents in steel are observed in different 
methods of acid steelmaking. In Europe, acid steel 1 
often made with a high content of manganese in the 
charge, so that the content of manganese during refin 
ing varies within the range 0.40 to 0.65 pet Mn. In one 
method which I described in detail elsewhere,” the 
metal contained about 0.50 pet Mn and the slag around 
33 pet MnO at the end of the boil. The observed aver- 
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1600° C 


(Mn | 4a} 


PPM 


These equations indicate that the contents of hydro- 
yen and manganese in basic steel should increase with 
increasing content of O* ions (i.e. with increasing 
basicity), when other factors are kept constant The 
observations illustrated in Fig. 18 confirm this conclu- 
ion In the course of the heat hown in these ex- 
amples the slag basicity strongly increased with time 
during the second half of refining, due to gradual solu- 
tion of lime which was present in exce at the start 
of refining, and both hydrogen and manganese in steel 
also increased by reduction from the slag. Accurate 
determinations of hydrogen in basic slags are required 
to develop a quantitative theory of hydrogen equilibria 
1.0 in basi open hearth furnace A po ible effect of 
carbon on the activity coefficient of hydrogen in steel 


in Steel, 


Hydrogen 


02 08 


Mn, % also has to be investigated for a complete description 


of equilibria 
Agitation of the bath of carbon monoxide during the 
boil facilitates the establishment of equilibria but 1 
inefficient to influence the direction in which these 
equilibria are displaced by changes of slag and metal 
composition, or by temperature variations. Of course, 
the bubbles of carbon monoxide do transfer some hy- 
drogen from steel to the furnace atmosphere but thi 
lo is rapidly compensated by the oxidation-reduction 
juld be about 2.5 ppm. Carney et al.” found a slight reactions at the lag-metal inte rtace The establish 
r value of 3.1 ppm. (aver af theee beatae’ ment of slag-metal hydrogen equilibria should be more 
ported values ranging from 2.8 ppm. The agre (and the latter are known to re cn equilibria quite 
between the predicted and observed values can asil the diffusion rate of small hydrogen atom 
regarded as good, considering the possibility of id ions is certainly higher than that of the larger 


Fig 17-—Equilibrium contents of Hydrogen in acid steel at 
various contents of Mn (in steel) and MnO (in slag 


content of hydrogen was 4.5 4 ppm This agree 
Fig. 17 which predicts 4.6 ppm at 1600°C 
American practice thre average residual 
inganese content is around O.1 pet and the average 
content of MnO in acid slag is about 20 pet Accord 
vy to Fig. 17, the hydrogen content of uch steel 


nanganese or sulfur atom 
med above ind deviations from equilibria A knowledge f the oxidation-reduction equilibria 
appears to be more important for the control of hydro- 


Phe chemists of bi 
en in steel than reliance on the elusive kinetics of 


it © lay The vity coefficient of basi 
lav constituent \ y considerably with lag composi he o-called flushing action of the boil 


tion and are largely unknown. Therefore, only qual 


lation from the iverupe inal ‘ af lav and metal 


sie lia is more involved than 


J. H. Walsh, J. Chipman, T. B. King, and N. J. Grant 
fauthor reply) The author wish to thank Dr 
Herasymenko for drawing their attention to his 1940 
paper and regret having overlooked this contribution 

One of the points at issue is whether our method of 
ampling and analysis for basic open hearth slags | 
reliable. These slags were sampled in several different 
tH vays involving different rates of cooling but no appre- 


itutive deduction an be made vith re pect to the 
hydrogen equilibria in) basic open-hearth furnace 

Let us consider the following reacton leading to the 
lag-metal distribution of hydrogen and manganese in 


teclmaking 


> 
oO 
= 


+ SPIEGEL 


SPIEGEL 
SPIEGEL 


6 


Fig 18—Logs of two 
open hearth heats ol 
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ciable differences in the analyzed hydrogen content 
was found. We agree that basic slags can pick up 
moisture from the air, especially those slags which 
contain undissolved lime, but feel that our own sam- 
pling procedure avoids this. Slag samples were stored 
in a desiccator to prevent pick-up of surface moisture 
and a freshly-broken piece was always used for 
analysis 

We do not agree that the corre spondence between 
our results and those of Dr. Herasymenko for acid 
lags represents a proof that his extraction method is 
reliable. In this connection we would refer Dr. Herasy- 
menko to a recent paper by S. Sawa.” Sawa’'s results 
suggest that only part of the water is removed from 
basic slags by vacuum extraction at temperatures as 
low as 950°C, and that temperatures above the melt- 
ing point are necessary to remove all the water in 
times as short as three hours 

A second question concerns whether slag-metal equi- 
librium with respect to hydrogen is reached in open- 
hearth furnaces. The authors do not share Dr. Herasy- 
menko’s faith in equilibrium constants derived from 
operating data. It is known however that a steady-state 
distribution of manganese between slag and metal is 
reached in basic open-hearth furnaces in a relatively 
hort period, say 40 minutes, after a major addition 
has been made. Darken,” has suggested that the rate 
of approach to manganese equilibrium is governed by 
transport of manganese in the metal to the metal-slag 
interface. The rate-controlling factor in the transfer 
of hydrogen from slag to metal is by no means so 
simple, though it is certainly not likely to be the trans- 
port of hydrogen in the metal. Hydrogen is present in 
the gas phase as water vapor, in the slag as hydrogen 
or hydroxy! ions, in the metal as protons or hydrogen 
atoms, and in the boil gases as gaseous hydrogen. That 
the boil gases do remove considerable quantities of 
hydrogen is quite clearly confirmed by the work of 
Kalling and Rudberg.” Epstein, Chipman, and Grant” 
have shown that, to account for experimental observa 
tions the furnace atmosphere must supply comparable 
quantities of hydrogen to the metal through the slag 
For slag-metal equilibrium to be attained with respect 
to hydrogen one would have to postulate that the rele- 
vant slag-metal reaction is very much faster than the 


lag-atmosphere or metal-boil gas reaction Such a 


possibility seems very unlikely. Slag-metal equilibrium 
with respect to manganese is an entirely different case 
since only the slag-metal reaction takes place. If we 
continually added manganese to the metal we would 
not expect equilibrium to be maintained. In the open 
hearth furnace, while the boil ts proceeding, one would 
logically expect the activity of water vapor in the slag 
to be intermediate between that in the metal and that 
in the furnace atmosphere. This is exactly what our 
results show 

Dr. Herasymenko’'s objection to 
that the experiments in which furnace slags were equi 
librated in the laboratory with atmospheres containing 
water vapor may not have been properly conducted 
and that the equilibrium solubility of hydrogen may 
be much higher 

If we assume for the moment that an acid slag con 
taining 12.7 ppm hydrogen is indeed in equilibrium 
with the metal, for which pu. 10° atm, then the 
solubility equation is approximately, using Dr. Herasy- 
menko’'s figures, 


uch a conclusion ts 


(H ppm) 400 


For puy 0.25 the solubility of hydrogen would then 
be 200 ppm. It is quite inconceivable that the experi 
mental values of 30 to 40 ppm are so seriously in error 
Recent experiment suggest that the oxygen pressure 
has no appreciable influence on the solubility of hydro 
gen in iron-silicate slags or in basic open-hearth slags 
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James Lommel and Bruce Chalmers (Harvard Uni 
versity, Cambridge, Mass.)—Comparison of the value 
of physical constants whose unknown 
can lead one into drawing unwarranted conclusions 
The standard deviation or probable error of an empir 
ical constant is just as much a part of it as its value 
ince no physical measurement can_ be with 
absolute accuracy. The authors have presented the 
values of diffusion constants for the self-diffusion of 
iron in liquid iron-carbon alloys without including an 
estimate of their accuracy A statistical analysis of 
the accuracy of these experiments would indicate the 
rehability of the diffusion data and whether there is a 
real difference in the activation energy and D, for the 
two different carbon-content alloy 

It is obvious from Fig. 4 of the paper 
D vs 1/T, that there wa 
of D at a fixed temperature 
of error: insufficient counting time of 
radioactive sample uncertainty in the length of the 
capillary diffusion sample, the time of the run, et 
Random error in these quantities can give rise to a 
pread in the values obtained for D. Statistical analy- 
is of the effects of errors in these quantities on the 
values obtained for D would show if they are the only 


accuracit are 


made 


a plot of log 
a considerable spread in the 
value There were many 


possible source 
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Derge 


ol 206, pp 1577-158! 


ones responsible for the observed spread in the value: 
of D. Errors introduced by convective mixing in the 
diffusion capillary would be suspected if the spread in 
D values could not be adequately explained on the 
basis of errors in the above quantiti 

The data given in Table I were analysed by the 
method of least squares to obtain the best straight line 
in a plot of log D vs 1/T for each carbon content It 
was assumed that the random errors in D were much 
preater than those in 1/T and the errors in the latter 
were neglected. The values calculated for Q, the acti 
and log D, are given below, along with 
their standard deviation These tandard deviation 
were obtained by calculating the mean quare devia 
tion of the observed values of log D from the least 
traight line and using the appropriate multi 
following the technique deseribed by 


vation energy 


quare 
plying factor 
Davie 

Least Square value for Q and log D, for self- 
diffusion of Fe in Fe-( 
rete cal per mole em per see 


11,180 4m) * tix 210 
25 16,070 2 2 117% 16410 


alloy 


To test if there was an effect of carbon content on 
the diffusion coefficient and activation energy for dif 
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fusion the t distribution was used to see if there wa by discarding uncontrolled samples as identified by 
a Significant difference in the values of Q, and log D our autoradiographic and sectioning method 

for the two carbon content alloy The statistical hy- Assuming that the relationship D D exp 
pothesis is that there is no difference in Q, and log D ( \H/RT) holds, and that the errors in log D are nor- 
for the two allo It was found that the « xperimen- mally distributed about 1/T, we obtained the following 
tally obtained difference in the two value of Y could equations for a 50 pet confidence limit by using the 
be expected once every two times this experiment wa methods described by Hald 


repeated. In the case of log D, #s large a difference in 


the two value as that obtained « xperimentally could D (3.09 + 0.10) x 10 exp | 11200 + 3500) RT| 


for carbon 4.6 pet 


be expected in 30 pet of the experiment These prob- . on 
abilities are not large enough to reject the hypothesi Db (1.23 + 0.02) x 10° exp | | : 16200 + 4950)/RT | 
that there is not a significant difference in the value for carbon 2.5 pet 
of @, and log D,, for the two alloy Subsequent t-tests show that the two values of acti- 
jecuuse of the large scatter in the values of D, the vation energy are significantly different only at the 50 
authors have not substantiated their claim that the pet level. However, the same test also shows that the 
carbon content of a liquid iron-carbon alloy influence two lines (therefore the log D, values) are significantly 
the diffusivity of iron and the activation energy asso different at the 95 pet level. Thi ubstantiates that the 
cated with it elf-diffusion coefficient of iron in the 4.6 pet C melt 1 
L.. Yang, M. T. Simnad, and G, Derge (authors re- higher than that in the 2.5 pet C melt 
ply)—-The careful analysis of our data by the discu We certainly agree that the small observed difference 
ers is appreciated by the authors. We wish to point out in activation energy does not have statistical signifi- 
that in the text no trong clain . made for the ign cance Howe ver, the po ibility of uch a diffe rence 
feance of the apparent small change in activation hould not be overlooked, since it can be correlated 
ener of diffusion with carbon content. However, we with other types of evidence Calculations based on 
cannot agree that the data do not show a dependence viscosity data of Wimmer and Theilmann” indicate 
of diffusivity on composition, The following addition that the values of activation energy for viscous flow 
il analysis of our data ts offered are about 12, 16 and 17 keals per mole for melts con- 
The random error involved in our experimental taining 4, 3 and 2.5 pet C respectively It is interest- 
rie irement is estimated to be about + 5 pet which ing to see that their change with carbon content 1 
suld cause a seattering of about + 10 pet in the D imilar to that observed for self-diffusion 
iu This is approximately the degree of seattering 
eans certain that the errors due to convection and The hE AI 
the deviations from the boundary conditions are com York v52, 


pletely eliminated, we think we have minimized them 
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Selective Sulfation for Cadmium Recovery at Josephtown Smelter 1292 

R. E. Lund and D. E. Warnes 

Basal Plane Development in Electrodeposited Hexagonal-Close-Packed Me- 
tals: Zinc, Titanium, and Zirconium 1293 

W. R. Opie 

The Vapor Pressure of Liquid Copper and Activities in Liquid lron-Copper 
Alloys 1293 


J. P. Morris and G. R. Zellars 


Selective Sulfation for Cadmium Recovery at Josephtown Smelter 


Hu. G. Haemers (Ghent University, Belgium)—The The more negative the value of the free energy (DG 


author claimed the results of their work indicate the greater the stability of the ulfate 

that the metals can be arranged in a sulfation seri As a second consequence thi tatement results In a 
imilar in its application for selective sulfation tot the relative aptitude for capture of SO, by each metal ox 

electromotive seri for displacement of metals fron ide when brought in contact with the sulfate of other 

olution metal Let M, and M. be the two metal and 
The series a tated in decreasing order for tendency DG, and DG, their free energy values at tempera 

of SO, give up, 1 the farne i that tated by free ture T Both ulfate are table at ten perature y | f 

energy diagran Indeed, the degree of stability of a DG O and DG ) 

ulfate is measured by the free energy of sulfate form In case where DG DG. the tability of MSO 

ation out of the corresponding metal oxide and SO is greater than that of M.SO,, and when M.O (oxide of 
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M,) 


reaction proceeds to 


is brought in contact with M.SO, the 
formation M,SO, 
forming the most stable component 


MO 


and MO, 


M.SO >» MSO MO 


The free 
ceri Fe.(SO,) 
FeSO, CdSO 


diagram of sulfation 
AL(SO,) CuSO 
PbSO, where the 
the following order: FeSO Fe.(SO,) 
CuSO ZnSO CdSO PbSO 
The fact that FeSO, is situated at top of the series 
tated by the authors, is probably due to the follow 


energy 
ZnSO 
authors found 

AL (SO,) 


Basal Plane Development in Electrodeposited Hexagonal Close Packed Metals 


R. Weil (Stevens Institute of Technology, Hoboken, 
N. J.) and H. J. Read (Pennsylvania State University 
University Park, Pa.)—lIt is interesting that Mr 
found essentially the tructural types in the sur 
face of thick depo its as we’ observed in thin 
We also noted the relationship between 
tructure brightne The 
deposits can consist of either fine 
which Mr. Opie called mammillar) o1 
let vhich may be coarse! Thi 
probably the reason why it has not 
establish a correlation between brightne 
vree of preferred orientation” or bety 
and grain size It is well that 
tions have been widely postulated in the 
indu \ 


In a 


Opie 
ame 
ones 
micro 
bright 
tructure 
aligned plate 


and urface of 


nodules (a 


relationship 1 
been po ible 
and the de 

brightne 
uch 


eon 
Known correla 
electroplating 
investigation of the structure of 
largely on 
nodular and 
busal planes of 
the surface of the de 


omprehensive 
cltrodeposit based 
e found that many 
t of plate let the 
ented almost perpendicular to 
posit 
It i 


more re 


| electron micre copy 


acicular tructure 


con which are ori 


hoped that Mi 
earch in. the 
especially in view of 
explaining 
by the 
be of 


Opie’s work 
metallurgy of 
progre which ha 
tructural features of 
theory In thi 
t that we 


will 
‘ le ‘ trode po it 


encourape 


been made in 


ome vapor deposit 


dislocation connection, it may 


intere observed evidence of growth by 


equilibrium- 
thus 


gives up the 


of the oven atmos- 
humidity in the oven 


oxidizing characte 
influence of the 


ing fact a) 
phere; b)—the 
BRases 

As the DG of the 
is negative, it 
1. ¢ the 
of FeO 1 
thor tate the 
known that 
the oxidizing 
ferric-state, 
agent 


reaction 2 FeO + O, - 2 
that ts table 
formation of a higher oxide of 
probable. This explain 
FeSO, Fe.(SO,), when it is 
stable than Fe,(SO,) In 
iron will be converted to the 
very active sulfation 


FeO 
than 
iron out 
why the au 


com more 
very 
order 
FeSO, is more 
medium the 


thus becoming a 


Zinc, Titanium, and Zirconium 


crew dislocations in a very thin nickel deposit which 
was stripped from the basis metal, examined directly 
in the electron microscope, and the structure of which 


i hown in Fig. 15 


Weil and H 
Jat 


Fig. 15—Micro 
structure of electro 
deposited nickel 
showing evidence of 
growth by screw 
dislocation. X500 


The Vapor Pressure of Liquid Copper and Activities in Liquid Iron Copper Alloys 


F. C. Langenburg (Crucible 
The authors are 
research, Their experimental 
nnd the data on the 
is important in view of a risin 
in steelm 

Two related inve 
lished should be 1 
with the present 


dete 


Pit 


a fine 


Steel Company 
congratulated for 


burgh to be 
technique are good 
activity copper 


idual 


in liquid tron 
copper level 
iking 

tigations which are as yet 
entioned 
WOrk 


activity 


unpub 
now for a comparisor 

Koros and Chipman 
coefficient of 
They measured the di 


author 
have rmined tie 
liquid iron at 1600°C 
of copper between liquid ilver and 
From this data and the activity of copper in silver 
obtained from the Ag-Cu phase diagram the activity 
coefficient of copper up to three ator 
was found The value of the 
copper ati dilution with 


copper in 
tribution 


iron at 1600°C 


percent in 


activity coefficien 


pure 


liquid coppe 
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thie tandard state was &.0 
mined the activity 
The distribution of ¢ 


Langenberg has also deter 
coethicient of copper 
opper between pure 


1600 The 


in liquid iron 
iron and lead 
activity of copper in 
diagram 
lead alloys, and 
value for the 


was measured at 


lead was determined from the Cu-Pb phase 
Utilizing the 
the « 


heat of mixing in 
ental di 
ioent of copper at 
obtained 


Coppel 
data i" 
infinite 


Kperimn tribution 


wctivity coeffi dilution in iron 
ofuawa 


The 


heable to determinin netivitte of 


author experimental technique hould be ap 


other residual 
in iron. It it d th research on the 


nickel would be 
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Action of Vibration on Solidifying Aluminum Alloys 


A. N. Turner (Aluminium Laboratories Ltd., Ban- egregation in alloys containing ik than 8 pet Cu 
bury, Oxon, England)—It should not be assumed from or at the eutectic composition. In the case of Al-Si 
the information given by Southgate that the applica alloys, no segregation tendency was shown in normally 
tion of ultrasonic energy to solidifying melts of alu olidified hypo-eutectic alloy but ultrasonic agitation 
minum-based alloys will necessarily decrease segrega- caused a separation of primary aluminum solid solu- 
tion tendency. Fig. 6 refers to experiments carried out tion dendrite towards the bottom of the crucible, 
in 1947 at Aluminium Laboratories Limited, Banbury, leaving a silicon-rich portion at the top; again there 
in a manner very similar to that described, using a 120 was no tendency toward egregation at the cutecte 
watt 26 ke generator operating on 20 lb melts cooling composition, but marked segregation of primary sih 
lowly in plumbago crucible Chemical analyses were con occurred in the hypereutectic range 
made at standard positions from the top and bottom A number of papers have been published recently 
of a number of aluminum-copper and aluminum- reporting the influence of vibration, sonic and ultra 
tlheon alloy melts; the difference in analysis between onic, on the metallurgical structure of metal melt 
the top and bottom is plotted as a function of melt but few of these have referred to treatment on a large 
analysis in Fig. 6a for aluminum-copper alloys and in cale The following notes concerning the use of ultra 
Fig. 6b for aluminum-silicon alloys, both for ultra onic vibrations during semi-continuous casting may 
onically treated and for blank melts. It may be seen therefore be of interest. A 1500 watt 26 ke generator was 
that in the case of aluminum-copper alloys, a tenden- used and experiments carried out on 5 in. diam billet: 
cy towards gravity segregation apparent in normally and ingots of 20 x 6 in. cro ection Under no con 
olidified melts was greatly increased by the applica ditions was it found to be possible to get grain refine 
tion of ultrasonu there was no tendency toward ment of commercial-purity aluminum, Al-1.25 pet Mn, 

or Al-12 pet Si, although this had been accomplished 
when these alloys were solidified statically in crucibles 
It was, however, found to be possible to refine inter 
metallic phases greatly in cases where these appeared 


Fig. 6—Influence of ultrasonic vibration on tendency to 
wards segregation of (A) aluminum-copper alloys, and (B) 
aluminum silicon alloys 6 in 


Fig. 7—Treatment of semi-continuously cast ingots of 20 x 


cross section 


Fig 8—Break-up of primary MnAl. produced by ultrasonic treatment of a semi continuously cast ingot of 20 « 6 in 
cross-section of an Al-4 pct Mn alloy Left: untreated; right treated X20 
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Fiq 9 
treated 


Fig 10 


~ 


Treatment of Al 4 pet Mn alloy showing break-up of primaries but lack of grain refinement. Left: untreated: right 


Effect of ultrasonic treatment on rolling characteristics of a transverse section of a 20 x 6 in. semi-continuously cast 


ingot in an Al 4 pct Mn alloy. Slab hot rolled from 2 to | in. Left: untreated, right: treated. X'2 


The « 

impots hown in Fig. 7 

enery of 450 watt vil ipphed to each transducer 

add the heated to a dull red heat 

before use and mersed to a depth of about %%& in. in 

break 

up can be seen from Fig. 8, while the lack of grain 
hown in Fig 


xperimental set-up in the case of 


in clectrical 
probe tip 
the molten metal pool The degree of primar’ 


refinement t 


The effect on the rolling characteristh 
may be seen from Fig. 10 which illustrate 
tion of hot mill slab of 1 in. thickne rolled from 2 in 
thick transverse slices cut from 20 x 6 in. ingots. Deep 
crazing along the MnAlL needles was obtained in the 
normally cast alloy perfectly atisfactory lab wa 
obtained from the ultrasonically heated ingot, which 
could be rolled further to thin sheet 


of the alloy 
the condi 


Constant Stram Rate Bend Tests on Hydrogen Embrittled High Strength Steels 


J. Maker and WR. 
Company, B fol. Cont Ihe phenomenort 
below the 


Johnson 


fracture at vell 


i of 


fracture 
thoularl 


probler 


fudy 
to plat 


+} iuthor 
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test is one very old to the makers of flat high carbon 
trip for spring 
Our test omewhat different, since we normally 
nust deal with a range of tock thicknesse The 
neasure of ductility is the parameter of stock thick 
divided by the jaw gap at whicn fracture occurred 
distance is known as the break distance and the 
as the break test. A chart of experimentally de 
termined value for high carbon spring steel strip 
continuously hardened, is given in the graph. Speci 
en length un this test is unimportant, at least in the 
range of thicknesses tested, provided sufficient length 
pre it to form a U shape considerably before 


fracture One important consideration | that the 
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lace 
of delayed 
4 tre 
tee! par 
evel thi 
: | not new to the pri ndustry, which ha 
ie been using hight tressed components at very high 
harcdne for mat We ire happ to see 
th tudy and others on the ibject which throw lhght 
" on the explanations for the ¢ nal service fathure 
in plated pri tre ed level 
Several year mo we und the phenon 
enon of em ttlerment due of a test 
imilar to that described by mrs: actually the ee 


width-thickness ratio be at least 10, or lack of lateral 

constraint will result in an apparently higher ductility 
The break test has been found to be a consistent and 

workable test for investigating hydrogen embrittle 


ment, both of plated and unplated specimens. It is 


important to note that valid results can be obtained 
merely with a bench vise and a 6 in. decimal scale 
Using this test, we noticed that plated 
high hardness held in jaws at distance 
larger than the break distance often fractured after an 
hour or so. This knowledge was used in developing 
routine lock-up tests on troublesome spring In gen 
eral, if there are no faliures in the test, which is con 
ducted at stresses higher than the anticipated 
tress, it has so far proved to be a safe indication that 
the springs would not fail in service 

It was also found that the effect of slow strain rate; 
could be approximated by a stepping procedure, in 
creasing the deflection after fixed holding interval 
until fracture occured We are intrigued with the 
concept of the relation of break distance at fracture to 
percent elongation, but with one qualification. Thi 
test is quite sensitive to surface condition uch a 
carburization, decarburization, roughne grain bound 
ary oxidation, and residual stresse Even careful 
grinding, while it removes the surface layers, may in 
troduce non-uniform residual stresse Have the au 
thor checked their grinding procedure by tre 
relieving after grinding at a temperature lower than 
the original tempering temperature’ 

Ww. Beck, E. P. Klier, and G. Sachs (author reply) 
The author have been aware of the use of the 
break te used in the spring industry from the publi 
cation and by Eakin & Lownie However 
Jastien & Azou” appear to be the first who showed 
that hydrgen embrittlement greatly depends upon the 
rate or the duration of load application. It is interest 
ing to note that now attention is being paid to thi 
factor, but apparently, no reliable standard procedure 
has yet been developed for spring 

Regarding such effects as decarburization, surface 
roughness, residual stresses, etc., it may be stated that 
very careful grinding with flood cooling is used at 
Syracuse University in order to insure reproducibl 
values of hardne tensile strength, fatigue strength 
notch strength, ete., of high-hardne teels. This pro 
cedure removes decarburization and produces consi 
tent surface roughne and state of residual stre The 


pecimen ot 
omewhat 


ervice 


, 


Noble 


Fig. 12—Normal break test curves for 90 1.05 pct carbon 
steel continuously hardened. Width thickness ratio 10:1 or 
more 


break test also yields consistent results with unem 
brittled strip specimen 

Unfortunately, however, thi 
result in good conformance of hydrogen-embrittlement 
data. Stre relieving cannot be applied as it reduce 
the hydrogen content 


technique still fails to 


Emibrittiement, Iror 


Creep of Polycrystalline Nickel 


University, Leeds, England) 


ought to confirm a 


J. D. Meakin (Leed 
In their paper the authors have 
creep law of the form 


Q/kT) 


Their Fig. 2 show the experimental justification 
for such a law. A close examination of the graph how 
ever indicates that at each temperature a power law 
of different index should be used. The line shown 
only applies to the results obtained at 1100°C to any 
reasonable extent and from the point hown it appeal 
that as the temperature rises the 
hould decrease ee values at 600° and 900°C in pat 
ticular) It is possible to fit a power law to a “sinh 


powel! applicable 


under certain condition 


ipplic 


curve over considerable range 


i hown by Feltham In order to test the 


bility of ich a4 law to the creep re i on nickel each 


eries of tests at a particular temperature were plotted 


a uming a law of the form 


de/dt 
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found that within the apparent experimental 
indepen 


It wa 
catter thi 
dent constant, characteristic of the temperature of test 

A hown by Diehl et al the proce of climb by 
dislocations in face centered cubic metals to explain 


law was obeyed, q being a stre 


creep must be rejected on energetic consideration In 
order to explain observed creep rates and slip line 
formation at high temperature Mott conclude that 
the rate controlling mechanism is the movement of 

row dislocations containing jog This theory 1 uc 
fully applied by Feltham to the 
creep rate should then depend on stre 


law of the form 


creep of lead 
according 


def/dt Tisinh(sbe/kT) [4] 
vhere 41 hy ation of joj bh the Burype vector 
and ad sthe ion of active pl ifie le; ly q would 


ture 


be expects ‘ with tempera 
f published work by Tyte on lead 


whieh itt hoped lo pub 


From 
ind tin, and on copper 


an exponential variation of q 
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sinh (qo°/kT) lish in the near future, 


te pe ture ener iit te ipplys 
n Weert i esult ke Value of q were 
eter ned ‘ I from 0.7 10 “K (dynes per sq 
400 1.7 at 1100 ¢ nad obe ng an 
ponentia th t per ture. (The result at 
ity it? 
fo atte tes it j j rij 
on meres ent obtained cept tor the re 
ilt it 400 ind 600 ¢ kip. 4 
Work by Sherb md his co-workel on aluminun 


copper have indicated that the activation enerpy 
equal to that for self diffusion 


ibout OST. K The result n nickel 


for creep onl above 


iter perature of 


er &@ temperature range of about 04-048 7 ith 
ee | we Below 05 7 ti expected that an 
wt it nm ener of about 2/4 that for elf diffusion 


hould app ind using th value good correlation 1 
obtained for the result it 400 ind 600 Furthes 
upport for the use of a reduced activation energy 
has been obtained by Dr. Weertman himself and Dr 
corn the which the find a reduce 


energy for half 


creep of tin, in 


tions thee mtlivation creep of one 
below 140 ¢ 


curve 


A point of interest is the divergence of the 
(rij 1) from the law predicted by Eq >} at low 
Although the result 
mnt of diver; 


are too few for accurate 


i enet the tensile tre 

of order 10 10) per at 1100°C and 
it HOO In Friedel paper 
metals he esti 
hould 
critical 


10) per 


qen 


on hardening in face centered cubs 
ites that the hardening 


cur when T) 10” This pives the 


termination of linear 


tre ( at 1000 of about 15 10> 
pol which is of the order found for the diver 
ernce of the suthor result It 3 igvested that it 


changing as the 
idered a dy 


Pecavery 


iv be due to the mode of hardening 


tre falis below 1 


Work 
hoped to 


p boing con 


hardening and 
vbich it 
triking paralle! 
in relation to the 


between 


laborators 

publish in the near future how 
vith the if ult for nickel pecially 
miation of q with temperature 


on copper in 


Me 
it 


reply)——Mt 
dependence 
it to be 


J. Weertman and P. Shahinian (autho: 
Meakin question the nature of the tre 
of the creep rat \t low tre ‘ ve 


lie ve 


ipower lav it tor i temperature modi 
fied hyperbole ne law Since our data appear to fit 
both iV it desirable to examine the question of 
how prenat a stre range must be covered before it can 
be conclusivel hown which law tis obeyed. (Since 
the ni i conta a term q which it ts argued 
depend er ensitively on the temperature, only test 
carried out at ome fixed temperature can be consid 
ered) \ calculation how vhat the tre 
mitist be let the creep power law be 
kK ( 
here K the cree, ite the tre ( ire 
tunt ot the la 
K* C* sinh (qo/kT) 


vhere K* is the creep rate and C* another constant 
kag 6 and lefine two curve of creep rate versu 
tre iy adjusting the value of C and C* these 
curve cul be made tangent to ecact ther at any 
tre , On etting K K* and dK/d dK*de at 
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TT 


16 


= i 
oO | 2 3 4 5 


LOG, [SINH(9o/R7)) 


Fig. 4—Illustrates the divergence of the curves from the law 
predicted by Eq 4 at low stresses 


the tre r and olving for C and C* we obtain the 


relationship 


(=) 


inh n 


K a 


iver the tre range where K*K l. a powe! law and 
i sinh law can explain creep data equally well. Only 
it stresses where K*/K departs significantly from 1 1 


and a inh 
greater than 


it possible to decide between a power law 
aw. We that when K* 
2 or 3 it is possible from experimental data 
Thus from Eq. 7 it can be seen that a stre 
greater than about 6 must be covered to decide 
inh law 


believe K become 
to decide 
range of 
between 
a power law and a 
The vreatest stre range we covered at any one tem 
perature with our nickel data wa However 
other data exist which cover an even wider tre 
range. Fig. 5 shows results obtained by H. Lak At 


about & 


453°K a stre range of 20 was covered A hyperboli 
ine curve has been fitted to the 853° K points a hown 
It can be seen that the fit is, at best, fair. On the other 
hand the fit to a power law is good 

Mr. Meakin remarks that our nickel data taken at 
different temperatures have different power indice 


catter of the 
index up to stresses where 


We believe that to within the 
tal data they have the same 
the creep curve bends up 
Mr. Meakin states that a drop in the activation ener- 
“vy is expected below 0.5T However, all the tin data 
reported in the paper to which he refers were taken 
at temperatures above 0.58T,, and the fall in the acti 
vation energy occurs at 0.8T,,. The tin result 
extensively by one of us in 


experimen- 


have been 


discussed later 
papel 

We shall now discu 
appearing in the sinh law. Iti 
rate controlling mechanism is the 


more 


the temperature dependence of q 
tated that when the 
movement of screw 
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Fig. 5—Data of H. Laks~ on aluminum containing 3.1 pct 
Mg. Double log plot of temperature compensated creep rate 
versus stress. T,, melting point of Al. Theoretical curve 
calculated from analysis given in reference 26, assuming 
Cottrell-Jaswon microcreep is the rate-controlling mecha 
nism. The theoretical curve was calculated using a diffusion 
coefficient of Mg in Al of (13.2 sq cm per sec) exp 
34,000/RT) 


dislocations containing jogs that “clearly q would be 
expected to vary with temperature.” We do not think 
this temperature dependence is so obviou If jogs are 
put into screw dislocations by intersection with other 
dislocations their separation will be determined by the 
pacing of the dislocation forest. Theu 
not depend on temperature and q will not depend on 
temperature 

If the jogs in the serew dislocations are 
jogs it is quite true that their initial separation will 
depend on temperature. However, before it can be 
concluded that q will also depend on temperature it 1 
necessary to examine what happens to these jogs upon 
application of a stre Fig. 6 shows a serew disloca 
tion containing jogs immediately after application of a 
tre The points A, B, C, and D represent jogs hind 
ering the motion of the screw dislocation. As pointed 
out by Friedel uch jogs will undergo sideways motion 


eparation can 


thermal 


Fig. 6—Screw dislocation containing jogs immediately after 
application of stress The arrow b represents the Burgers 


vector 


\ \ 
Fig. 7—Screw dislocation containing jogs some time after 
application of stress 


(i.e., motion parallel to the dislocation line) after ap 
plication of a stres Since a jog in a serew dislocation 
is a segment of pure edge dislocation it can move by 
conservative motion parallel to the Burgers vector 
When a dislocation line is bowed out into loops such 
as | hown in Fig. 6 there will in general be a net 
force on a jog parallel to the Burgers vector The 
force exerted by the smaller loops is greater than the 
force exerted by the larger loop Thus in Fig. 6 the 
force F, is vreater than F, because L, 1s smaller than 
L, Jogs will therefore move in a direction such that 
mall loops will get smaller and large loops larger. In 
Fig. 6 a jog will move even when L L.. since this is a 
position of unstable equilibrium, When two jogs meet 
they will either annihilate each other or form a larger 
jog, depending on their sign Eventually the con 
figuration given in Fig. 7 will be reached In this 
ituation the foree on any jog in the direction of the 
dislocation line 
vector 


vector is zero because the 
meets a jog at an angle of 90° to the Burger 

We strongly emphasize that the spacing between the 
not depend on the temperature but 


Therefore, there is no reason to ex 


jogs in Fig. 7 doe 
only on the stre 
pect a temperature dependence in q for even thermal 


jORS 
Metata at 
Hier Majest 


p 196 


Creep of Single Crystals and Polycrystals of Aluminum, Lead, and Tin 


F. Haeszner and M. Krause (University of Gottingen 
Gottingen, Germany)—lIn the following we are submit 
ting some results of our own investigations on the 
determination of activity energy of the creep of high 
purity aluminum which we carried out at Goettingen 
in the years 1954-1956. An extensive publication | 
being prepared. The investigations were made on 
polycrystals and single crystals of high purity alumi 
num, like those of Wiseman, Sherby and Dorn, and, on 
principle, with the same experimental technique, the 
ame method of evaluation, and the same range of 
creep rate. Unlike Wiseman, Sherby and Dorn, how 
ever, the polycrystals were hard drawn, and the tem 
between 290° and 320°K We 
finding 


perature range wa 
thought it worthwhile to communicate our 


and to suggest a discussion of our conclusion 


TRANSACTIONS AIME 


We investigated wires of high purity aluminum 
(99.989 pet Al) in two extremely different initial con 
ditions: 1) hard drawn polycrystals (120 mm; 0.6 mm) 
2) single crystals tempered at 550°C (2 single crystal 
prepared by the strain-anneal technique, 1.5 m length 
eparated into samples of 60 mm). The ery 

tals were in a continuous laminar flow of paraffin oil 
The bath temperature was kept constant by thermo 
tats at + 0.05 By changing over to a 
kept at a different temperature, the temperature could 
be raised or lowered, within le than a minute. The 
reading accuracy of the strain indicator magnifying up 
proximately 4000 times was about Al +1 410° of sam 
ple length. The creep curves were plotted point by point 
For the computation of the creep rate of polyerystal 
immediately at the point of temperature change, the 


1.5 mm 


econd oil flow 
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Fig 3-—Energy of activation for 
creep of pure aluminum ‘hard 
polycrystalline as a tunction 


of creep stram 


ive equation vere determined tror 12 to 14 mea 
init points b rmear of the method of least square 
The creep curve af ngle crystal vere evaluated 
raphiecall The error in ilues of activation ener; 
for polye tal were max 1000 cal per mole for 
crystal 1000 cal per mole 

i hte ilts polyel tal show the activa 
thon energy slues obtained in dependence on the pla 
ti deformation of the sample n the range of 1 to 45 
pet (rupture strain about | pet). The maximum error 
linet ndicated. The how a systematic in 
ease wit! train. In relation to the work of deforma 
tig +} iIncreuse comparat le vith that given by 
Carrakel for reer tallized platinum 

Result for crystal The activation-en 
er determined tor nelle cr tals can be com 
prised in| four group train of approxi 


itely 3 pet, 9 pet, 14 pet and 40 pet. Mean values of 
these groups of activation energy are plotted in Fig. 4 
n dependence on the bev train. As } een, the 
sluse lecrease distinetly with increasing hear strain 


The drawn curve in this figure hows the theoretical 


of wtivation-energy for cro lip of crew 
dislocation obtained from the contribution of A 
the hear stre rin the cro lip 
few computed fron tensile tre the inwle 


ot ti by means of the graphical representation given 
nthe paper t Diehl, Krause stuaubwasser and Often 


thre wtivation meu ured rere and more ap 


} shows that with increasin hear strain 


proach the theoretical value of the awtivation energy 
of the cro lip afl crew-distocation 


During the plastic deformatior we have a whol 


ert afl proce ‘ Production af d motion of di loca 


‘ 


iW? 


Fiq 4—-Activation energies measured on single crystals com 
pared with theoretical values of the cross ship of screw 
dislocation. Dots imdicate theoretical values; open circles 
indicate mean values of measured activation energies, num 
ber of averaged values being given in parentheses. t, is the 
shearing stress in the cross system G is the shearing modu 


lus 
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tion 


(partly along 


and inter 


ind finally 


of lattice 


proce 


ture of the 


nule 


cry 


tructural 

If Wiseman Sherby 
activation 
at higher 


this indi 


dependent 


for the 
The diffusion, we think 
Then the activation 
elf-diffusion 

In th 
experiments which 
ot creep 
temperature it which 
tance, a vell as at 


deformation 


titial atom 


even dec 


imperfection 
during 


vith the migration of vacancie 


res 


creep 


reactior between dislocation 

e of high-energy arrangement 
The amount of individual 

vill depend on the initial struc 


imple (polyerystals hard, polyerystals soft 
tals tempered), as well as on the degree of 


change 


energy tor 


temperature 


ite that in 


individu: 


il 


during creep 
and Dorn have found the same 


polyery tals and single crystal 


ve are inclined to think that 


their case the different structure 
processes have le importance 


than a common control proce 


may be uch a control proce 


energy found is mainly that of 


respect information might be obtained by 


diffusion actually 1 
at low temperatures the activation energy) 
tructure-dependent whereas at high tempet 
it will be constant and be approximately of the 


then 
will b 
iture 
change 


recognized 
creep experiment 


tation 


t 


hut 


of 


elf-diffusion 


will 


with equal samples, activation 
have to be measured at low 
diffusion is of no great impo! 


higher temperatures at which the 


ot 


influence. It might be expected 


To what extent structural 


during creep affect the activation energy may 


(for example 


multiple 
orventation tr langle 
we will point out that the value E obtained 


and the «¢ 
vith abrupt temperature changes need not nece arily 


have the 


ergy 


change 


posed oft 


the 


lip ol 


of the 


orresponding 


meaning 
ing 


on 


of 


relation 


particularly well at low-temperature 
ingle crystals of different orien 


111 or a 100 crystal 
tal from the middle of the 
imple lip ) 


technique of experimentation 


a physically real activation en 
In the case of complex tructural 


le proce 
the sample, it might repre ent a value con 
everal activation energi ind merely having 
aning of a constant with which temperature 
ate of creep in 4 limited stre ind 


dependence of the 1 


rature 


interval ¢ 


an be deseribe 


C.D Wiseman, O. D. Sherby, and J. BE. Dorn (author 
The author 


reply 
made 


on the 


Sherby 


activation ene! 


ion 


ne 


tton and 


energie 


and 


for 


appreciative of the comment 
Krause relative to thei data 


vies for creep of Al. Recent 


Dorn” have reported the apparent 


creep of annealed polyery tal 
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‘ 
by mean 
‘ 
é 
ln 
T T 
ker: J Applied P 9 Si, 
Seen Mand er VII, part I. Fu 
‘ » “a Diet Krause, Staubw ‘ nd Offenhause Met 
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energy, Which ts estimated to have an activation energy 
On the other hand if the 

bent they gave the same 
ener a those obtained for polyerystal 
\. Rocher” determined the activation en 


line aluminum over the range of temperature from 
78°K to 850°K. These data clearly reveal that the of 3000 ¢ rhe 
activation energy between 240°K and about 375 K wa wel \ | 
28,000 cal per mole, in good agreement with the ¢ 

mated activation energy for cro lip. A series of 
activation energies for strains ranging from 0.07 to 0.27 Z ing 
were obtained by cycling the temperature from 264 in hear on the 
to 273°K. Under these conditions, which do not differ tion. Only (111) slip 
Haeszner and Krause energie however. agreed well with those for the 
at the ame tem 


le Al crystal favorably oriented for 


(010) planes in the [101] direc 
vas observed. The activation 


appreciably from those used by 
the activation energy was found to be 28,000 cal per polycrystalline aluminum specimen 
mole for the entire range of strains. A review of Fig. 3 perature Consequently accurate activation energies 
equally uggests insensitivity of the activation energy for creep of single Al crystals require extreme care 
for creep in this temperature range to strain. Their in the preparation, handling and method of testing It 
average activation energy, however, is about 24,000 is not possible at present to rationalize the high value 
the 28,000 cal per mole at low strains reported in their Fig. 4 for the activation 


cal per mole as compared with 
erystal by llaeszner 


value obtained by Sherby, Lytton and Dorn. It is pos energie for aluminum singk 

ible that this minor discrepancy can be attributed to and Krause 

the fact that Haeszner and Krause used severely cold In agreement with Hae 

worked aluminum whereas Sherby, Lytton and Dorn found’ that the abrupt change in 

used annealed stock nique applied in the low and intermedtiat temperature 
Activation energie for creep of single Al crystal range yields apparent activation energie which rep 


oriented for simple shear on the (111) planes in the resent weighted sums of the activation energies of the 
contributing to the 


zner and Krause it has been 
temperature tech 


{101} direction have been determined by Lytton individual processe which are 
Shepard and Dorn” over the entire range of tempera deformation 

tures from 78° to 890°K. These results are distinctly 

different from those quoted by Haeszner and Krause 
for their single crystal test. Over the range from 78 tt ‘ it ¢ of veering Researe! 
to 400°K the unique activation energy of 3400 cal per 
mole was obtained over wide range of tre and ‘ ‘ Herkeley, 
train. The mechanism was associated with the Peier] 


Delayed Yielding in a Substitutional Solid Solution Alloy 


Schenec train hardens the fillets begin to deform also, the 


of deformation decreasing as the fillet cros 
After aging, retesting uch a speci 


H. C. Rogers (General Electric Company 
tady)—I would like to comment on the author inter mount 
esting paper, hoping that I have correctly ascertained ection 
their experimental technique from the details reported men in tension produce load-elongation curve such 


The author apparently in an effort to eliminate the is that shown in Fy ] vhich is plotted with the 
ve ! «¢ limit of 320 Ib as the coordinate zero It will 


influence of gripping on Luders’ band nucleation, hay 

resorted to the use of tensile specimens which have be seen that there is a considerable amount of plasti 
been strained and aged. This might well have pro ion of approximately con 
duced a spurious effect which may have led to some 
erroneous deductions and interpretations of the exper 


deformation prior to the re 
tant lower vield load, and that this latter region it 
elf, in this case actually consists of two different 
imental results of the paper A microscopic examination at intervals during 

ile test of such a specimen indicate that in 


The question raised is the following: Is the prenu 
t non ¢1 the load elongation curve the specimen 


in favorably oriented grains along the entire gape is undergo eavy deformation locally in the fillet 
length) or is it actually a localized creep? Since the The fille vere prestrained le than the gage length 
authors did not examine the specimens during the de prior t ! ind yielding was found to start at the 
formation, one cannot say with certainty which of the boundat betweer the inprestrained and lightly 
above proposals is more likely. The reason for raising trained and aged portions of the fillet. As this de 
this question will be apparent from the discu and Luder band | uddenly nu 
description of some of our own experiment vhich 
follow 

First, it 1 omewhat surprising 
band propagation in a specimen in which 
was nucleated by indentation (i.e., local deformation) 
was identical to that in which the band wi: nucleated ection 
by homogeneous prenucleation creep, which strain mii 
the entire gage length. For the latter specimen, the mand 
Luders’ bands would be propagating into plastically , one and still provide 
trained material while in the indented specimen the h f ex them by the tensile 
bands would be propagating into material which ha : gation rate can be 


cleation strain homogeneous (1¢« occurring at lea 


formation proceed 
cleated without a load drop at the deforming region 
it one fillet and proceeds to grow along the gage length 
that the rate of ) thre pecimen under approxin itely constant load 


the band \t re on 
thie pecimen pipe length where the 


4) another band is nucleated 


center of 
of 1 original specimen was machined 


load in region (3) drops because 


front rathe! one are propagating 


previously been strained only elastically compli li i 
Secondly unpubli hed work here indicate nol way train-aged tensile 

the case of steel tensile specimens with a similar strain mer highly hi we, that they also may 

history, the plastic deformation hi occurs before npg i deformations in the 


pur 


itior Since they 


band pi ypagation l localized at he fillet If 
filleted specimen the gage length | 


pecimen they will 


pre train a 
inhomogeneously at first and then deforms homogen I il} ) ind wou ton the fillet region 
fore Like gins. The 


eously with train hardening A the gage length rate 
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he 


Zz 
a 
a 
© 
Fig. 13-—The initial 
yield portion of the 
load elongation 
curve of strain aged 
rimmed steel 
2 5 4 
PLASTIC STPAIN Il 
of decreas the deformed train 
harder under the constant load Nhen the local stre 
reiohe eritieal i band nucleated im thi 
This oceul it different tin ince the creep 
aie vith different tre ‘ If th indeed 
curs then it is not surprising that the Ludet * bands are 
nucleated at approximate! thre measured strat 
one not know the tre ol train distribution 
too well in the fillet, but the loads do not vary marked 
mad henee the train to eritical stre vould not 
il markedly) nor that the time for the nus leation of 
the first band obe the stre temperature relationship 
characterist of creep ince th what being 


measured 


K. T. Aust (General Electric Company, Schenectady) 
1 would like to report on some previously unpub 
hed data obtained by N. K. Chen and myself, which 
leal with some effects of rain boundarte on the 


plastic behavior of aluminum (99.997 pet purity) dur 
ny room-temperature deformation. Fig. 11 shows the 
tensile stre tensile strain curves of one single ery 

tal, and two tsoaxial bierystal vith misorientations of 
oo mad 140) about the pecimen aXxt depicted in the 
unit stereorraphn triangle The prepat ition of the per 
mens the tre train determination vere cal 
ried out as previously ae cribed The pecimen had 


rectanpular dimensiot ipproxin itely 3mm by 6 mn 
ind about 7-'s em long The pecimen axis orienta 
tion in relation to the direction of stre is identical for 
the mule e1 tal and the e1 tals comprising the bi 
erysta pecimel between specimen axl 
orrentation land 2 studied by the author 

It is evident that an appreciable rain boundary 


1 here also it least in the early tawe of 


Fig Tensile stress tensile strom curves of one single 
crystal and two woaxal bicrystals with misorentations of 


60° and 140° 
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Effect of Orientation on the Plastic Deformation of Aluminum Single Crystals and Bicrystals 


In view of our observations it seems imperative that 
the authors demonstrate conclusively that this creep in 
the fillets does or does not occur in their test Also, 
in explanation of why the band propagation rate in the 
indented and unindented specimens are identical 
vould be appreciated 

L. E. Shepard and J. E. Dorn (authors reply) 
A.—AIl strains reported were measured acro the 
central 2 in. of the specimen gage section, and not be 
tween the shoulders of the specimen as he may have 

ipposed. It is therefore reasonable to assume that 
the prenucleation strain wa homogeneou Certainly 
t did not represent localized strain arising in the fil 
et region of the specimen 

B.-It will be noted in Table II of the paper that in 
the majority of cases, yielding began with the spread 
ine of two band fronts within the gage section. If the 
yielding conditions suggested by Dr. Rogers were cor 
rect, this would require that Luders’ bands be initiated 

multaneously at both fillets of the specimen so as to 
reach the measured gage section at the same moment, 
a rather unlikely situation 

Two factors lead us to the belief that the first and 

wceeding bands nucleated within the measured gage 
ection The first is that, as was noted, two band 
fronts began moving in most cases at the delay time, 
indicating the nucleation and growth of one band 


The second is that the second and following bands 
vhich must have nucleated in regions that had not as 
et vielded, and therefore, within the gage section, 


vere found to obey the same time laws for nucleation 
is the first band This factor, though not pecifically 
discussed in the report, is an evident requirement, fol 
lowing from the congruency of the curves in Figs. 6 
ind 7 of the paper 

C.-It dow not appear peculiar that the rate of 
band propagation in the indented specimen was the 
ine as that resulting from homogeneous prenuclea 
tion creep when it is considered that the total prenu 
eation creep is of the order of 0.09 pet and that the 


iior resistance to deformation must result from the 
ipproximately 10 pet prestrain to which the specimen 
wi ubjected prior to aging 


wate TRAIN HARDENING 
} 4 PER STRAIN 
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deformation. The rate of strain hardening increased of the present size and shape, and for the case of only 
with increased misorientation in the deformation range one slip plane operating in the single crystal, the 60 
from about 0.005 to 0.02 strain. However, the rate of and 140° boundaries have raised the level of the stress 
strain hardening was similar for the three specimen: train curve This is in general agreement with the 
after greater deformation, that is, from approximately findings of the authors for orientations 1, 2 and 3. Thi: 
0.04 to 0.07 strain. Metallographic observations revealed effect of the grain boundary has apparently originated 
a single set of slip lines which correspond to the most in the early stages of plastic deformation, as shown by 
highly stressed {111} plane in the single crystal and the similar strain-hardening characteristics of the three 
bicrystals. Additional slip markings corresponding to pecimens after larger deformation 

possible cross-slip were observed near the grain bound This work was sponsored at the Johns Hopkins Uni 
ary of the bicrystals versity, Baltimore, Maryland, by the Office of Ordnance 

The above observations indicate that for specimens Research (Contract No. DA-36-034-ORD-1153 RD) 


Effect of Rolling Procedure on the Kinetics of Recrystallization of Cold Rolled Copper 


and 
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Paul A. Beck (University of Illinois, Urbana, Illinois) that has been used in the previous quantitative texture 
As pointed out by the authors, the texture of work. Since the amount of deformation and the an 
straight-rolled copper obtained by them, Fig. 2, is very nealing treatment were both quite similar, the pro 
similar to that previously obtained” by quantitative nounced difference in the textures is rather surprising 
methods. The authors use the indices erroneously | A. Beck: Rolling Textures in 


given by us” for the ideal orientation of the deform ce-Conteres ' ‘Trans. ALME, 1952, vol. 194, p. 76 
Willia 7 AIME, 1941, vol. 14% 


ation texture component Instead of (123) [121], iti tis 
more appropriate to use the simplified indices (123) : \ niand Paul A. Beck; Study of the Origin of the Cube 
exture, Acta Metallurgi 1953, ve p. 598 


In addition to the photographic texture determina J.T. Michalak and W. R. Hibbard, Jr. (authors re 
tion for cross-rolled coppel! by Brick and Williamson ply) We would like to thank Dr. Beck for calling oul 
to which the authors do refer, more recently quanti- attention to the corrected indices and his paper with 
tative determination has been made of the texture of Dr. Merlini on cro rolled copper, It is not possible 
cross-rolled and of cross-rolled and annealed copper" for us to explain the difference between hi harper 
The lack of resolution inherent in the photograph recrystallized texture and our dull one However, 
method prevented the earlier investigators from iden certain differences are apparent——-a) Their copper re 
tifying the orientations present in cross-rolled and crystallized after five minutes at 250°C. (Their Fig. 1) 
annealed copper. Flowever, the octahedral pole figure Ours required almost 6 hr at 250°C. b) Their copper 
they published was fairly consistent with the more had an as-rolled hardne of 105 Vhn and an as 
recent quantitative results", and both investigations, recrystallized hardne of about 56 Vhn. CAlso thei 
particularly the quantitative pole figures, clearly show Fig. 1) Ours had an as-rolled hardne of 97 and a: 
a rather surprisingly sharp development of each of the recrystallized of 51.5 
eight texture components. The reduction of area in These result uggest a significant difference in 
cross-rolling for Brick and Williamson’s specimen wa purity and in strain hardening rate, Le. there are 
99 pet and for the more recent quantitative texture difference in the material and possibly how. they 
work it was 96.5 pet I wonder whether the author: were rolled 
could explain the conspicuous lack of sharpness in the Finally, the low density areas of the pole figures of 
texture of their copper specimen cross-rolled 96.4 pet the different investigations imilar-—it is the high 
and annealed at approximately the same temperature density areas which are very different 


Effect of Temperature on the Flow Stress and Strain Hardening Coefficient of Magnesium Single Crystals 


W. F. Sheely, E. D. Levine, and R. R. Nash ( Rensse h train hardening coeflicirent 
laer Polytechnic Institute, Troy, New York)—In their , train 
tudy of the basal slip of unalloyed magnesium single 


A the autho oint &. 4 t var with 
crystals, the authors empirically derived the relation us authors point ou his result varie 


most theories of low temperature plasticity which are 
; = based on specific dislocation models in that the de 
C exp. (—SH/RT) exp. B(t—ts (0) —hy) rived relations contair term in the activation 
energy. The general forn any of the equation 
45 10 per min predicted by these theort j 
temperature where g(t) ome function of the apphed stre 


0.65 mm’ per gm One could t the validity of either point of view 


applied stre iy deter itivity of the tre required 


an internal stre nan ) fiven rate to chanyves in strain 
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209, pp. 1001 - 10 
by WM Conrad and W. D. Robertson 
Jounnat or Merat Ay 1957, AIME ‘ py 
7 


ite and con ring the result to the mode of response 
predicted b and 

From kq lo), if at may be assumed th a Strain 
ite hange can be effected with only negligible ae 


flow during the change, the 


lation of plasti 
nay be 


following equation for flow stre change 1 


lerived 


EQUATION (3) 


git in function 


tre 


KT log 


a constant iO io 10 


temperature 
RATIO OF SECOND TO FIRST STRAIN RATE ¥,/7, 


writers performed a series of strain rate change Fig 15-—Change of flow stress resulting from strain rate 
on @& mapnesiun ingle erystal stressed in shear and change 


leforming by basal slip. Experiments we done on an 


Instron testing machine at room temperature and in Hans Conrad and W. D. Robertson (authors reply) 


It was indeed gratifying to hear of the results ob 
tained by Sheely, Levine, and Nash. Their data offers 

‘yr. as a function of log / are illustrated further proof that the constant B is independent of 
wecompanying figure. Al iown in the figure temperature, and consequently that the activation en- 
urve of Eq. [17] ergy for plastic flow of magnesium crystals at low 
following observatior madk temperatures is independent of stre and strain, in 
The magnitude of the change resulting disagreement with the requirements of present theories 
rate ian was independent 


two cold bath Strain rate were changed by factor 
ind one thousand. The ulting flow tre 


om a particular strain of deformation 
of whether the change was an increase or a Of special interest is the fact that the value of B 
function of tem derived from their data ts equal to that obtained in our 


(hb) No regular change in At as a 
tests, even though the crystals were grown under dif- 


decrenuse 


perature was detected 
ferent conditions and the tests were of a different na- 
fitted equation [17] ture. The physical significance of B is not known at 


(ce) The relation of At toy 
These give quantitative upport to the present, however, additional tests are in progress with 
sutheor equation the aim of evaluating thi 


Embrittlement of TiAl Alloys in the 6 to 10 Pct Al Range 


\. Klibanoff, ©. DD. Dickinson, and S. Abkowitz The Ti-8Al binary was embrittled by this treatment; 
We wish however, this heat treatment had little effect on the 


compliment the authors on tensile ductility of Ti-8Al-2Cb-1Ta. We have subjected 
ible mo this high alumin ange are certainty the Ti-8AI-2Cb-1Ta alloy to more severe conditions of 
temperature tress, and time (1000°F-10,000  psi-300 


Vallory Sharon Titanium ¢ orp 


mon port mit con 


mad the wutheor vo 
problems involved in 


on to understanding the 


of this type 


are concerned that other might exts ipolate thre 


vy for binary Ti-Al alloys Table |. Mechanical Properties of Ti-8Al and 
Ti 8Al.2Cb-1Ta Sheet* 


ro ‘ ind Care 


to more complex i-Al alloy nd reach erroneou 


boon From the data of ley and Carew, 
1 ) titi 

Ti-MAL-2Cb-1Ta 
poor, We have Mechanical Properties Mechanical Properties 


eonelu 
prospect of developin 

in the & to LO pet Al range 
thi yaten ind have information which pre- Elong 


trclied 
the use of the higher 


promising picture fot 
ontent in th ry T ian- 
conter he titanium alle The mecha 
f Ti-8Al and Ti-8AI-2Cb-1Ta in several 
it treatment are compared in Table I 


wiition 
both allo (melted using 120 Bhn 


The propertt 


iking temperature are simi- 
is embrittled | furnace cooling 


M-8AL2Cb-1Ta alloy retained 
d to similar treatment 


om 14 
ductilit v1 


We have ree ad 
ttling treatment gyested by Messr 


ill after ubjection 


thie embt 


le and Carew The result 


ippear in Table Il 
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3 
4 
a 
00 tht of stress, the corre © -6 
z @ 293°K 
[18] 
} 
Where 
J 
T 
ehat 
the 
in 
Ihe 
« 
by FA. Co ey and R Carew 
ov Janu 1957, AIME 209, pp. 43-46 
te 
iu 
al 
tril 
by 
lat 
Blong 
in ys.,o2 in 
tts. Pet OW, tin, UTs, Pet ON, Zin, 
Kei Kel Pet Kel Kel Pet 
“> 119 1 13.5 127 120 16 
F.1 furnace 
toe 127 12 14.3 
700°R-1 hr-fu ‘ 
| to GOOF, alr « 114 109 5 
to GOOF, air 127 122 13.5 
° A ire averages of six test 
Cross 


hr). After this treatment, the roon 
mechanical properties were 


temperature 


UTS, Ksi Flong. in In., Pet 
153 13.0 


Our results for the 8Al binary sheet are in good 
agreement with those of Crossley and Carew for 8Al 
bar and strongly indicate that an embrittling reaction 
takes place in the suggested temperature range The 
addition of tantalum and columbium to 8 pet Al pro- 
duces an alloy whose behavior is markedly different 

We would, therefore, like to point out that the severe 
instability which occurs in the Ti-8 to 10 aluminum 
binary alloys does not necessarily occur in certain 
complex Ti-Al alloys 

F. A. Crossley and W. F. Carew (authors’ reply) 
The authors have some experience, although limited, 
with high aluminum, ternary alloys of the type repre 
sented by the Ti-8Al-2Cb-1Ta alloy. This experience 


upports the findings presented in the discussion. It is 

considered that tensile testing below room tempera 
ture, e.g., O°C, gives a more critical evaluation of insta 
bility due to the mechanism discussed above 


Table Il Tests After Embrittlement 


Mechanical Propertics 
ys.or 
Heat tts, Pet ow 
Alley Treatment Kal Ket 


RA, 
Pet Pet 


27 24 45, in2 in 
020 


ut 


1020 


Etch Pits and Dislocations in Zinc Monocrystals 


Jovumnat or Metai August 195¢ 


G. Wyon and P. Lacombe (Centre de Recherche: 
Metallurgiques Ecole des Mines, Paris)—-We have been 
very interested by J. J. Gilman’s work on etch pits in 
zine crystal We were impressed by the fact that the 
etch technique has given valuable results only after 
an impurity such as cadmium is added to pure zine 
and especially that aging of the Zn-Cd solid solution 1 
necessary in order to obtain etch pits along small angle 
boundaries 

We wish to compare these result 
ments on etch figures in refined aluminum of varying 
degrees of purity We pointed out the influence of 
iron content and heat treatments (quenching and 
aging) on the number and the distribution of etch-pit 
We have shown, in particular, that for a given heat 
treatment and a crystal of determined orientation, the 
density of etch-pits is the higher, the more impure the 
metal. In most cases, the number of pits counted on a 
crystalline matrix is much lower than the theoretical 
number of present dislocations: the difference is high 
er, the purer the metal 

These results have led u 
etch pits formation to the existence of an a 
between impurities and dislocation As Dr 
remarked, this interaction also plays a role in the case 
of etch-pits on zine with 0.1 pet Cd 

By considering that for metal crystals the presence of 
ufficrent condition 


with our experi 


ibility of 


oclation 


to relate the po 


Gilman 


dislocations is a neccesary but not 
for formation of etch figure we may explain some 
apparently contradictory, or simply unexpected, fact 
1) Density of etch pits. We have remarked that Al 
samples quenched from 630°C present a higher density 
of etch pits if the cooling rate is low (air cooling) than 
if it is high (water cooling to 0°C). A priori, there are 
more dislocations locked in the crystal during the fast 
being very short, the 
to the dislocation 
peed: this explain 


quench, but the cooling time 
necessary diffusion of the impuritis 
cannot come about with a sufficient 
the low density of etch pits observed 

2) Study of Polygonization. We have that the 
micrographic detection of polygonization in Al crystal 
through etch-pits is possible only after heat treatment 

a. If the cooling rate after a heat treatment is high 
(water quenching to 0°C), etch figures will appear along 
the subboundaries only if the temperature of the heat 
treatment has not been too high Above the limit of 
solubility of iron, the association of this element with 
dislocations becomes very loose because of evaporation 
of the Cottrell atmospheres. Since diffusion of impuri 
ties towards dislocations cannot happen during quench 
ubboundarie« are 


hown 


ing, for a high cooling rate, the 
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visible only if the a with dislocations are not 
loosened by the heat treatment 

b. For a temperature of treatment higher than the 
limit of solubility of the least impurity, the 
micrographic perception of polygonization is possible 
with etch-pits only if the cooling rate after the treat 
lower, the 


ociation 


oluble 


ment is low enough This critical rate 1 
which agree with the hypothesis of 


towards disloca 


metal 
diffusion of 


purer the 
necessary impurithe 
tion 

There have been many discussions about the detec 
tion of polygonization on lightly cold-worked and heat 
treated aluminium. The refined X-ray methods used by 
ome author how that polygonization appears for 
very low heat treatment temperatures (from 200°C, o1 
Micrography, on the contrary, 
fragmentation in subgrains only for high 
treatment temperatures (between 450° and 600°C ac 
cording to the purity of the metal). This led us to call 
which may be re 

corresponds to a 


at room temperature) 
hows the 


macromosat the 
vealed through etch pit ind thu 
new distribution of dislocations happening during an 
olubility limit of the least soluble 
impurity Lou temperature polygon ation cannot be 
revealed through etch-pit with aluminum 

where the iron impurity seems to play a leading role 
3) Study of Wanting to reveal slip lines 
through eteh-figure we have seen” that it was im 
possible in the case of aluminum to obtain alignment 
of figures along these lines after repolishing. However, 
we could note the presence of alignment if the de 
formed sample had afterwards undergone an aging 
treatment. It seems to us that the only difference with 
the Zn-Cd alloys investigated by J. J. Gilman is that 
aging to aluminum-iron alloys happens only at a tem 
higher than room temperature, 
where polygonization processes may interfere. Ha 
Dr. Gilman tematically investigated the influence 
of aging time (at room temperature) on the number 
of etch-pits along the slip lines? These observations 
and those about the density of etch figure 
ubboundaries versus aging time could probably 
precise data about the diffusion coefficient 
of cadmium in a zine lattice Could Dr. Gilman ex- 
plain why he chooses cadmium to obtain good etching? 
Has he observed a change in the density of etch-pit: 
on the crystal matrix with different heat treatments 
(quench-aging) which would support the hypothesis of 
the association of dislocations and impurities? This 
would show that, as in aluminum, the number of etch 
ot be bound by a one relation to the 


poly vonization 


neals above the 
refined 


lip line 


perature distinctly 


on polygon 
ization 


Rive more 


to one 
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26.3 
27.3 
Bat = 
48 
iir-cool 
by J. J. Gilman 
ol, 206, pp. 998-1004 


more 

might 

ly be eli ( 

J. J. Gilman (autho repl j i! that I 
is preparit raat I wa 
ware of the ' ; 0 Wyon 
Lacombe } minun The 
a rit ale pul i ved nm mucn 
detail th interested in 
tributions im zine 
ind did not cor 


mechanism of the etching pro 
are in contradiction 
On the contrary, I 


cern myself with the 
cedure None of my observation 
with those of Wyon and Lacombe 
fully support their conclusion 
The discussors ask why cadmium was chosen as the 
impurity give good etching. The answer is that the 
prepared for another purpose 
and their etching characteristics were discovered only 
ifter a chain of more or le accidental circumstances. 
Other might be just as effective as cadmium 
Air cooling from high temperatures is sufficient to sup 
pre the etching effect. After such a mild quench, an 
period of about one week at room temperature 
ded to restore good etching A tated in the 
t has not yet been possible to etch high purity 
Unfortunately, I do not have sufficiently detailed 
ation to answer the many other questions of the 
they are good question: 


eaadmium ai were 


impuritie 


or I regret this a 


ptes Rendus Acad. Se. Paris 


Congere du Centenaire de Alumi 
p 289 

be Repor { the Ce 

1953. The Pt Son 


et P. Lacombe 


Met vol 25 


4.p 
Dejace \ + Met. 1955 


Mag, 1955 46, p. 


Flaking of Heavy Alloy Steel Sections 


Hoyt 
paper has just now come to hand but I 
onprat i ol neing out the 
ine dual. thou! | ct { vdrovgen and the 
transformation ippeal that 
there 4 close youn forging 
md the underbead Ibsen n weld 
of hardenable teal 
\ i Viartinne Banta and l 
latter effect ‘ i susceptible 
not crouch i col pletel 
noodle ited perat vhich hy 
other hand, if the weld 
vere cooled to roo nperature thie rev iment iu 
olved hydrogen and 
by Messi Mallett 
ast 


prodtice 


vould pradual isforn ind precipitate it 
Later work 


quite clearly 


ind Rieppel 
hat were the toot ‘ ‘ nece ivy to 


author it 


erackit york of ‘ 
vould ippear tl ! and 
underbead 


‘ 
J. Mewitt (United | Rotherham 
mt a delheate 

‘ dro embrittlement and 
required w flakur but « not appear to have 

to account the ination in hydrogen level after 
itrment of the different block Since the treat 

il ! quantithe fron 

distributior im the 


each 
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regardl of structure. Our experience has shown 
that a reduction of the stresses arising from rapid 
cither transformation or thermal, doe not 
prevent cracking, but only delays it at 
these relatively high hydrogen level We would have 
fully anticipated cracking on further standing in blocks 
numbered 5 and 9 and would ask if these blocks were 
immediately prior to re-cycling 
till available it would be of 
amples found crack 


cooling 


nece arily 


examined for crack 

If the other blocks are 
ome interest to re-examine the 
free during the earler examination 

We would al uggest that the blooms be examined 
microscopically for very small cracks since such crack 
ippear under certain conditions and may not be re 
vealed by macro technique It would also be of in 
terest to show the extent of the cracks on the same 
vraphs as the calculated distribution curves since we 
have found in two cases, on different sections, that the 
levels at which cracking appeared to start were iden 
tical 

From the calculation 
estimated the original hydrogen content at approxi 
mately 12 ml per 100 gm and wonder if the authors have 
actual results on the '% in. round cast samples? We 
vould expect difficulty in obtaining good samples of 
liquid steel at this level of hydrogen and would place 
more reliance on hydrogen determinations on sample 
taken from the center of a forging (before it had time 
to erack) and after such a treatment that hydrogen 
vould only have been lost from the outer portions of 
the forging 

To illustrate the delay in cracking the following re 
ults may be of interest. We have examined recently 
the cracking of a cast of 0.30 pet C, 1% pet Mn steel 
Two 9 in were taken after rolling, one 
vas air cooled and the other slowly cooled from 650°C 
The hydrogen distribution acro the two bloon was 
essentially similar with a maximum, in the center of 
the billet, of 58 ml per 100 gm. The air cooled billet 
cracked on the 6th day after reaching room tempera 


made earlier we would have 


quare billet 
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ira ition mn the « ta Exper roent 
it p onization ould be also interest Would 
t be t} 7 0.1 pet Cd to: ke the ib 
i nr eros pri throupl i Quench 
thre te ture of plete ib ty ofcadmium’? 
site quenet ir t or te perature ill 
ent to show the ibboundari through etch-pits? I 
pol ponizat ere iphical perceptible it temper 
of cadn j ‘ er ‘ it roorn 
fermperature 
In t sees ‘ d more probable that 
: mpurities pl im essentia n the appearance of 
eteh-pit mia © apree perfect vith Dr. Gilman on 
point i even te mked if eteh-pit vould 
till bee pe bole mn extreme pure metal Unluck 
f 
G. Wyon et J. M. Marchin: Conia. 
m4 p 2420 
G net Laan 
I ‘ 
G. W mn et P. Lae 
ts 
WV J Maret irgi 
yu de 1 (pet 955, In pre 
: Ht bot, Z Va ett, and J vol 
if 
by C_R Gort and A R. Te 
j 157, AIME pp 445-449 
t 
bl 
et i of f hee en dist ithor ue 
nu ‘ ‘ 
blocks after each eycle—— 6. The picture is then al 
” tered nd the role of transformation tre ‘ l que 
tioned. The hydrogen content me ippears to determine 
vhether or not the billet had cracked after 36 day 


Table Ill. Flaking of High Hydrogen 4340 


Percentage Flaked, No. of Samples 


Treatment Diam In. Diam In. Diam 


ifter 48 hr 

per 

o 600°F, held at 600°F for 
and air cooled 


ture, the slowly cooled billet did not crack until the 
82nd day after reaching room temperature 

Some typical work on a 28 in. square forging | 
shown in Fig. 7. The forging is 0.36 pet C, 0.66 pet Mn 
2.67 pet Ni, 0.68 pet Cr, 0.54 pet Mo steel, with a tem 
pered bainite microstructure, and illustrate ome of 
the point 

The attention of the authors is also drawn to the re 
cent work by Barker and Wainwright’ who showed that 
many cracks were formed in Ni - Cr - Mo steels after a 
treatment uch that transformation tresse were 


completely absent and thermal stre considerably 


raised above 


reduced 
Nature, 16th June, 195¢ 


E. Houdremont( Essen, Germany)—It has been known 
for about 20 year that the interaction of hydro 
tresses is the cause of flaking but, according 
that these tre ‘ 


gen and 
to our experience, it is not nece ary 
have to be transformation stress¢ 
The following result how very clearly that flake 
can be produced without transformation stresse 1A 
wholly ferritic steel with 4 pet Si charged with hydrogen 
can show flake 2. A ball bearing chromium steel 
transforms easily enough in the perlitic range so, that 
the transformation can be performed between 650° and 
600° if you keep the steel for a certain time in a fur 
nace at this temperature Neverthels you ci pro 
duce flakes by cooling them down in air, oil or water 
afterwards to room temperature 4 If you charge a 
wholly transformed steel with high pre ire hydrogen 
at 550° below the transformation temperature you can 
get flakes on number of 
flake increase with the rate of cooling In thi xX 
direction 


ubsequent cooling and the 


periment no transformation occur 41. The 
of tre is the main point and not the transformation 
tresses has been shown by direction of 
flakes by applying external The flake are 
perpendicular to the applied stre (See Fig. 1206, page 
1383 of Reference 6) In accordance with this the 
direction of flakes in forged pieces mostly correspond 
to the direction of cooling stresse The 
tween an applied external stress and hydrogen content 

also shown by the fact that a steel which contain 
not enough hydrogen to form flake on cooling may 
form flakes during the tensile test 

So we would bn preeoime nt if We tate that hvdro 
gen and stre ‘ 1 cause of flakes and that tran 
formation stresses may be also a kind of 


relation be 


promote flake formation 


nage 


W. Wilson (A. Fink! & Sons, Chicago)—-Dr. Troiano 
and his associates are to be congratulated for another 
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Fig 6 Calculated hydrogen distributions 


ome of the apparent idiosyncrasies of 
flaking to scientific principle I have taken the liberty 
of re-arranging the data in Tables I and II a hown 
in Table IIL The treatments in Table I were ranked 

my opinion as to the probability of flaking (A 
most likel BB least likely) For each size and treat 
ment in Table Il, the percentage of flaked samples and 
number of samples are shown in Table HI 

Two broken lines are used to bracket the treatment 
and VAI or hydrogen content which gave 100° pet 
flaked and 0 pet flaked Where 50 pet wa 
the flaked samples were from the top 1/3 of the ingot 
This observation on ingot location suggests that posi 


paper reducin 


observed 


important only in borderline case 
amples were halved 


tive eprevation 1 

The two, flake free, 13 in. diam 

to mo of 

vith le than one-half of the original hydrogen 

vere found to be flaked after one month This finding 

apres vith the original results which show that nor 
malizing with 3.2 cuem H, or more yields flake 

The two 9 in. diam samples did not flake upon sim 

ilar treatment. Probably the hydrogen content of these 

le than 24 cu cm per 100 gm Thi 

Is to the conclusion that normalizing becomes pet 


torage and normalized. These sam 


observation 
ible at some hydrogen content le than 3.2 cu em 
per 100 gm 

In making these comparisons, I have assumed that 
the hydrogen content and treatment are closely corre 
lated and that the only mass effect in these treatment 
of hydrogen. These assumptions are 
not rigorousl established by the results and I am 


the retention 
ure the authors will h to comment upon them 

In addition to the presented data, I would like to 
know the equalization (transformation) times at 1250°F 
ind the method of determining the forging tempera 
ture 
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| 
po ! 

Code | 

Hydrogen: cu cm per 100 gm +2 iu 9.7° } 

A Air cooled after forging 100 «2 100 «2 wi 

D Air cooled to 700°F, held ir 012 100 12 oo 12 
600°F furnace for 24 hr, and } ’ ] 

E Same a D) but held 24 hr 1M) 12 

10°F per hr to 1150°F, held 
it 1150°F for 48 hr, and air f 
cooled 

B Sar 0°12 012 O14 
at | 
hrt | 
24 

| 

* The 5.39 hvydroge result was discounted because it was betwee 

nos. % and 11 in the got and because it should approach 1 ind ! 

exceed no 
Flaked rounds from top 1.4% of ingot y 

| 
} MeN 
| 
} 
| 

| | 

FE Houdremont Handbuch de le tahtkeus trd 

Ber 1956, ‘ 

Houdre t iH Sct le Te Mit pl 

he a4 4. pr 67-9 t iF 

pp 


The authors’ have no preference for a complex pear- 
tic eyele. A number of different cycles were tried in 
in effort to evaluate the variables that contribute to 
flaking. Unfortunately, insufficient material was avail- 
ible to try all the cycles that appeared to be of interest 
One eycle, in particular, of interest would have 1n- 
volved holding near Ms for essentially complete trans- 
formation to bainite, followed by holding in the pear 
lite range near 1250°F and slow cooling from this 
ten pe rature 
We feel that the major portion of the hydrogen was 
lost during and after the transformation of the aus 
‘ite, and before cooling to room temperature 
Of course. there are no serious areas of disagreement 
vith Dr. Houdremont’s analysis as presented in this 
cussion. Reference is again made to the last para- 
raph of the paper where in it is stated, “The results of 
this investigation indicate that transformation stresses 
a major role in the flaking of heavy steel sections 
id that the influence of hydrogen is primarily through 
action as an embrittling agent. However, it should 
be appreciated that any stre in the presence of hy 
drogen, regardle of its origin, could be sufficient to 
cause ruptures which may be considered flakes from a 
‘eneralized point of view, although it is felt that the 
conventional flake patterns familiar to the industry 
are largely the result of transformation stress where 
other uch as cooling, residual, externally ap 
pled nay be contributory 
We find it somewhat difficult to follow the discus 
ion by Hewitt. Of course, we can not be certain that 
in all cases a time delay of more than 36 days may not 
have indicated the presence of flake However, for 
the specific cases of blocks 5 and 9, it Is certain that 
flakes had not appeared 6 to 9 mo later, since they 
vere re-examined at this time (see text, last paragraph 
irr and AR. Trotano (author: N before section on Results and Discussion). 
ment ire appres ted To ! ) Reference 3} made to recent work by Barker and 
mportant in border! t A Wainwright. in which the intent was to show that 
flake suld be produced without transformation and 
the stresses that go with it. It is not clear how these 
authors know they have not had transformation in the 
nickel steels and residual stresses not low, and how can 
one rationalize insufficient stre to crack their carbon 


Fig. 7 Hawhne cracking im 25 im sq blocks of 
Cr, Mo, steel 


KR. 


‘ 


per LOO gp: Too 1 er fa nay teel. but sufficient to erack the stronger, more ductile 


emer f ‘ il f nickel steel 
Of vs the + ‘ observed re ily We look forward to examining the new method of 
iffect the retention o dre 1 bu nN ealeulatineg hvdroven distribution in large masse pre 


onsiderable tnfluence o r lt umably to be publi hed soon 
ret that the informatio mn ! We definitely agree with Sam Hoyt that the mechan 
ind forging temperature 1 | Howey ism of underhead cracking and flaking are much the 


tandard mil 


Frederick N. Rhines (Carneg. te of Technolo oly ystalline material I should lke to point 
gu. Pittsburg! It is unusual and ve itifvur in a more, that much of the disagreement amongst 
field as contro ial ¢ } if creep find such ex w ob vers of grain boundary displacement has arisen 
tensive apreer F ’ weotwee esults on from the fact that flow takes place in a complex manne! 

bra now 7 ed , erman, and Brown vithin a laver of metal of finite thickne o that the lat 
ind those o nw ; ‘ ind I pre eral displacement of the grain boundary cannot be meas 
ented la ) , ‘al ed to observe ied between reference points that le upon the axis 
that he conmelude « did, that of extension of the specimen. The present author 

byproduct of have measured the displacement in a direction that ts 
the ratio of effectively parallel to the plane of the grain boundary 
ince This gives a true measure of displacement and acounts, 
high ! think, for the agreement between the s-brass and 
the iluminum result 
ry Norman Brown (author's reply)—We would like to 
under thank Dr. Rhine for his discussion Also, Mclean, 
i ’ ISIN than could vith polycrystalline aluminum, has recently demon 
reument rror ou rar col ntion of last trated that above 350°C the ratio of grain boundary 
vat the rrigele ire not applicable displacement to overall strain remains con tant 
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‘ 
/ 
the 
lirect tr 
tie 
' cooling ¢ 
> the sutl 
. their opi 
mid in 
lost 
Wil 
‘ eure 
like fo f 
Ir 
ntrod 
min 
| 
12 
| 
is followed in both case ane 
: Grain Boundary Displacement vs Grain Deformation as the Rate Determining Factor in Creep 
ow Merats, J 1957, AIME 1 109, pp. 


Internal Friction and Grain Boundary Viscosity of Copper and of Binary Copper Solid Solutions 


cal S 
of thi 
brought 


H. H. Bleakney (Dept. of Mines and Techn 
Ottawa, Ontario, Canada)—The writer 
ion did not read very far before being 
up sharply by what appeared to him to be a rather 
surprising Observation. That was the implication in 
the title of the paper that the alleged viscosity of grain 
boundaries is an established fact. It is true that Ke’s 
evidence for the of viscous flow at metal 
grain boundarie: and was not 
seriously challenged for many vear It is also true 
that this paper was written in 1954 before critical ex 
amination had disclosed the unreliability of Ke 
clusions Neverthele even before 1954 

evidence had been presented to arouse 
cion of the validity of the grain 
hypothesi In any event in view of 
2 the authors might well have 
their statement between submission 


veys 
discus 


occurrence 


wa widely accepted 


con 
enough 

uspl 
boundary 
and 
modifying 
publication 
addition to the 
noted by Ke 


Viscou 
re fe rence ] 
idered 
and 


con 


This paper contributes a very useful 
evidence that the internal friction peak 
in aluminum, is characteristic of all polyerystalline 
metals of high purity; and by noting of the fac 
tors which affect the peak, it brings an explanation for 
the phenomenon a little are! All those have 
conducted these tests must have been impressed, as the 
writer was, by the rather startling drop in internal 
friction at temperature lightly higher than that of the 


ne who 


Magnetic Method for the Measurement of Precipitate 
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John Cahn (General Electric Company, Schenectady) 

Dr. Becker's elegant method for measuring precipi 
tate particle sizes in Cu-Co alloys in thi 
copic range should stimulate a great deal 
which the particle 
would, therefore, 
relating the 
bution. Thi 
distribution curve 
physical umption 

Let u ider the 
unit volume which have 
V +dv. Then n(V) is related 
follow 


ubmicro 
of work 
variable I 
alternate vay of 
distri 


umed 


in 
ize 1 Important 
like to sugpest an 
urements to the particle size 
not dependent on 
depend 
postulated by Di Ker 

number of particles n(Vj)dV 
volume between V 
to secket! 


mea 
method 1 
but otherwise 


an a 
on the same 
a 
per 
and 


{(V) 


con 


Dr 


21) 


Vni V) 
a unit volume 
magnetization 
pecimen 


where V, is the total particle volume in 
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1.e., the magnetic moment per unit volume of 
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is then 
Vn(V)dV {22} 


I.V 


I, is the aturation magnetization unit vol 


cobalt 
12 for 


where per 

ume of pure 
From Eq 

obtain 


the initial volume susceptibility 


lim 


from Eq. 15 for the high field mapnetization 


I T 


Similarly 


TRANSACTIONS AIME 


Pe 


7 


jond, and Kissel 
viscou boundary hypothesi 
explanation for this phenom 
enon must be sought It is not unlikely that when that 
found it will prove to illuminate 
much wider than that occupied by 


Since the of Rhine 
hown that 


untenabl 


work 
the 


pcak 
ha grain 


other 


an area ot 
mn 


wer 
behavior 
friction 
to 


an 

metal 

ternal 
It 


continue 


alone 
hoped 
add thei 


the authors will 


to thi 


therefore, that 
contribution 


be 
to end 


1956 


i. p 
ASM 


{ Metal 1954 

L. Rotherham and S. Pearson (author reply) 
think that Dr akney hould be 
varded as non-controversial earhes 
on thi viven 
which ared inadequate 
erie fact have been 
and difficult to interpret. 1 
light 


comment re 


Much of the 


theoretical 


work 
explanation: 
but 
uncovered 


ubject wa 
have appt 
of experimental 
which have 
think our 


nee a whole 


proved strange 
vork must be mainly considered in thi 


Particle Sizes in a Cu Co Alloy 


Becker 


1 


and 
| 26] 


N } | n(Vjd\ the total number of cobalt 


pel 
h field 


vhere 


vord 
cle 


In other 
maynetization 


of 
reduction 


unit volume 
thermal 
the total 


pecimen 
in 
of 


particle 
the hig 
pend 
them size 
Therefore from 
of and H 
cobalt: particl 


on number not 


particle 


value 


of 


determined 
the total 
of specimen 


experimentally 


one can obtain number 


volun 
LH 
kT 


per unit 


the ofl volume eecupled by the 


ticle 


fraction pecimen 


their average volume 


J Vn(Vjdi 


ir root me volun 


ani 


quare 


Sy | 
LH 


the root mean deviation from thei 


ind 


quate 


volume 


{31 


without any further a ibout their volume 


distribution function 


OCTOBER 1957, JOURNAL OF METALS—-1309 


y L. Rotherham and 
Jounnat or Metars, August 1956, ABET rans ol. 206, pp. 481-892 
H H Bleak ind Car Technology, 1955, vo 
RI W. EF nd M A. K el I || 
; ‘ t indarte i’ Vet Phy luau 
kK I \ust and | we Cha ‘ i Structure of 
G nil u ‘ Mi Interface ASM, Cleveland, 1952, p. 159 
\ Nowtch ation Interface Metal In 
te \ eland, 1952, 
Wert hve Viet irgical Use of Anelasticit Modern He 
earel Pechnique in cal Metallurg ASM Trans 1953, vol 
JOUUNAL OF Metat Januat 1957, AB vol 209, pp 39-63 
on 
pal 
: 
\ kT 
N N I 
we 
age 
kt I 
HV, 
or 
Nkt 
H 


Nucleation of Voids in Metals During Diffusion and Creep 


Laboratory. Mid 


iuthors have shown, conclusive 


L.M.T. Hopkin (National Physical 
king and The 

paper that the presence of Kide particle 
during dezine 
other 


the formation of hole in bra 
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Balluffi and 

recentl t 
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more writer” 
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In the absence of the holes were randon 
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antimony ma 


have been removed, together with oxide particles, by 
treatment used by Resnick and 
Seigle. Their observation, therefore, that zone-refined 
commercial bra contained far fewer intergranular 
cracks during creep than the as-received material may 
have been due not only to the removal of oxide parti 
oluble impuritse It 
enhance the effect 


the zone-refining 


cle but also to the removal of 


be that some soluble impuritic 
grain boundary nuclei, including oxide particles, 
»wering surface energy and promoting the precipi- 


of vacanci 


L.. Seigle: Acta Met., 1955 
; Journal Institute of Metals, 1957 
I T. He To be published 
R. Resnick and L. Seigle (author's reply)—The au- 
thor vish to thank Dr. Hopkin for his interesting 
discussion. With regard to his first point, it is agreed 
that both a stre and an exce of vacancies are re 
quired to produce voids at the grain boundaries. How 
evidence presented does not eliminate the 
The diminished cracking in 
pecimens, prepared from brass purified by 
through a Bridgman furnace, indicates that 
necessary in addi- 


ever the 
need for a nucleating site 
the creep 
pa 
nucleating sites are 
tion to the other conditions 
The effect of antimony in increasing the porosity is 
most interesting. The authors did not infer that oxide 
particles were the only source of nucleating sites for 
voids in bra The results obtained in the dezincifica 
tion of bra prepared from zone purified copper which 
did not posse a significant concentration of oxygen, 
uggests that other impurities can act in the same way 
xide. It is possible that the antimony modific 
to make nu 


heterogeneou 


the inclusion surface in such a manner a 


cleation more efficient 
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McLean 


egregation 


explanation of embrittlement in. steel Di 
one of the early proponent of the 
mechanisn The authors are in agreement with Dr 
McLean iggestion that two segregating element 
might be involved. This question was raised during 
the al di ion which followed the formal presen 
tation of our paper 
Although it is difficult, at this time, to decide on the 
clements responsible for the high temperature (above 
1100 F) and the low temperature (850-1000°F) em 
brittlement, the authors wish to put forth a mechan 
omewhat contrary to that offered by Dr. McLean 
It is pertinent to follow the embrittlement mechan 
from the austenitizing stage where presumably all 
illoving elements are in solid solution in austenite 
It appear likely that the low temperature em 
brittlement nherited from the austenitizing treat- 
ment The iron lattice at the grain boundart is ina 
listorted state Consequently, atoms nearer to the 
yrain boundary could be in a state of tension or com 
pression. The energy of the system as a whole should 
be reduced if alloy atoms (of size different from that of 
ron) during austenitizing, occupy the grain boundary 
te 


quite 


The ; i transformation may be considered a 


diffusionte proce When the quenched steel i; 
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tempered, the first element that starts diffusing ap 
preciably is carbon and possibly other interstitial ele 
ments. A fast diffusing element, therefore, is least 
likely to segregate 

During the early stages of tempering there may be a 
concentration of certain types of atoms at the grain 
boundaries. It should be borne in mind that substitu 
tional alloy atoms are slow to diffuse at low tempera 
tures. This situation may cause a temporary change in 
the physical property of the grain boundary material 
which may be responsible for embrittlement at 850 
1000°F. This embrittlement decreases with consider 
able length of time at this temperature which might 
be due to a homogenization of the composition between 
the grain interior and the grain boundary material. On 
the other hand, when the tempering temperature is 
raised, these elements start diffusing more readily, 
thus moving away from the grain boundari« It i 
also likely that these alloy atoms combine with carbon 


to form stable alloy carbides as explained by Hult 
gren” This could account for the decrement of em 
brittlement in specimens tempered at 1000-1100°F 

At temperatures above 1100°F, the delineation of fer 
rite grain progressively complete During 
this stage an increasing amount of carbon and proba 
bly other interstitial elements having low solubility in 
eparate and they either 

precipitate at the freshly 


be« ome 


epregate or more 
formed 


pecimen 


ferrite 
probably ferrite 
grain boundart The fracture in embrit 
tled in the range 1100°F up to the lower critical tem 
intererystalline through the 
irreversible nature of 
to be due to a 


perature of the teel 1 
ferrite grain boundari The 
high temuerature embrittlement seem 
which could also 


continual growth of ferrite grain 


cause an increase in embrittlement 
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Some Properties of Certain High Conductivity Copper-Base Alloys 
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L. L. France and A. W. Cochardt ( Westinghouse Ele« 
tric Corp., Pittsburgh)——We would like to congratulate 
the author on a very interesting paper and would like 
to ask the following question 

1) What causes the unusual decrease (Fig. 2) in hard 
ness upon aging the zirconium alloy that had previou 
ly been solution annealed below 1500 F (815°C)? For 
example, upon aging at 800°F (425°C) the hardness 
decreases from about 69 to 65 Ry after a previous solu 
tion anneal at 1300°F (705°C) 

2) Why is the reverse effect observed on other sam 
ples (Table II)? For example, upon aging at 800°F 
(425°C) the bardne increases from 56 Ry (sample 1) 
to 58 Re (sample 4) after a previous solution anneal 
at 1300°F (705°C) 

3) Why would the addition of the first 0.12 pet Zr 
have little effect on the softening temperature of cop 
per” Usually, the first amount of solute has the 
largest effect on the softening temperature of the sol 
vent metal, Could it be that the 9.12 pet Zr does not go 
in solution, but combines with oxygen to form zircon 
ium oxide, and could the dark phase in the micro 
structure in Fig. 3 be zirconium oxide” 

4) Is it possible to expect zirconium in solid 
mall decrease in conductivity”? 


olution 
to cause such a Might 
this minor change be due to most of the zirconium be 

zirconium oxide acting as a dispersion 
the aluminum oxide in SAP-type 


ing present a 
hardener similar a 
alloys” 

Webster Hodge (author reply)—We wish to thank 
Messrs. France and Cochardt for the interest they have 
hown in this paper With reference to the numbered 
questions that they have presented, we believe the fol 
lowing to be true explanation 

1. The decrease in hardne how 


Fig. 8—Hardness of Cu-Zr alloys, solution annealed at 
1740°F and aged at 840°F 
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pet zirconium alloy at 800°F after solution annealing 
at 1300°F 4 probably caused by a deficiency of zirco 
nium in solution after a solution anneal at 1300°F. It 
will be noted in Fig. 2 that the resistance to softening 
increased in a linear manner over a limited range a 
the olution annealing temperature was increased to 
1500 F We assume that at each higher 


olution in the al 


olution tem 
perature more zirconium went into 
loy. At the lower temperatures not enough zirconium 
was in solution to resist softening when the alloy wa 
reheated to 800°F Normal aging curve for annealed 
0.22 pet and 1 pet Zr-Cu alloys are shown in Fig. & All 
of these alloys had an exes of zirconium available 
ince we believe the maximum solid solubility of zir 
conium in copper is 0.15 pet. It is of interest to note 
that the 0.22 pet Zr alloy was melted in a graphite 
crucible under 4 carbon monoxide atmosphere and cast 
in that atmosphere The 1 pet alloy was are me lted 
with a tungsten 


in a water-cooled copper crucible 


tippe d electrode under an argon-helhum atmo phe re 
Neverthels results of the aging test 
lo are practically identical 
2 The reverse effect mentioned in Question and 
noted in Table 2, Sample 4 is readily understood, Where 
is the hown in Figure 2 have been cold 
rolled 60 pet before aging, Specimen 4 in Table 2 had 
been solution annealed and not cold rolled. The only 
effect possible on this latter alloy was age hardening 
ince it was completely soft to start with It will be 
noted that Specimen 3 in Table 2? had been cold worked 
and also had softened 
“Why would the addition of the first 0.12 pet Zi 
have little effect on the 
a good question We have to admit an error 


on the two al 


” 


pecimen 


oftening temperature of cop 
per?” 
on our original observation We have done a great 
deal of work more recently on alloy of much lower 
zirconium content and found that with as little as 0.02 
pet of Zr appreciable hardening is obtained, Since the 
alloy vith le than 0.15 pet Zr are single phase, and 
the aging effects are completely erased by reannealing 
conclude that the effects reported are not 
zirconium oxide but are caused solely by 
hould be noted that the work 
vith low-zirconium allo ha hown that these alloy 
oftened by annealing and rehardened by 
aging in the me manner as the 
illoy 

4. “Is it po ible to « 


to cause a small decrease in conductivity? We can 


ve can only 
eau ed by 


zirconium in solution. I 


too can be 
higher zireoniun 
xpect zirconium in solid solution 


Vel The in oul alloy not 
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iting essentiall is Zirconium oxide 
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trength of the dichromate used for etching, and state 
vhether other common etching solutions have been 
found to reveal the new constituent 
T. B. Massalski and C. S. Barrett (author's reply) 
No additional experiments are needed to answer the 
question as to whether the »’ phase in a slowly cooled 
alloy could be induced to transform by cold 
This phase would have a composition in the 
between our alloys number 4 and 6; consequent 
ly the behavior should be like that of our quenched 
alloys 4, 5, and 6, each of which underwent a strain 
induced transformation when cold worked. It should 
be remembered that a high degree of order is reached 
in the #° phase even during quenching, and slow cool- 
ing would merely be expected to remove some of the 
boundaries between quite well ordered domains. This 
removal presumably would have an influence on the 
progre of the transformation, since it does seem to 
account for the softening that is observed; that is, dis 
locations would move more freely both in plastic flow 
and perhaps also in martensite formation if domain 
boundaries were fewer. Since there is no evidence that 
any transformation product forms in the composition 
range above 37 wt pet on quenching to room tempera 
ture, there is no basis for attributing age-softening of 
quenched alloys in this range to the formation or re 
version of a transformation product 
Further information on the etching characteristics of 
the martensitic product is as follows. Best results were 
obtained with a 2 pet solution of potassium dichro- 
mate We did not make tests of many other reagents, 
but we did have sucee in revealing the phase with at 
least two other One was the common ammonium 
hydroxide-hydrogen peroxide etchant, and the other 
consisted of 20g CrO,, 25g HNO,, H.SO,, 3.7g NH,C1, 
1900 ml H.O. Improved results were obtained by elec- 
tropolishing first, using approximately 6 volts and a 
bath consisting of 250 cu em H,PO,, 125 cu cm H.,O, 95 
m carbitol, 5 cu em HF 
In reply to Dr. Wassermann’s discussion, we regret 
at his paper has not yet been received here. Since 
experiments are on single crystals rather than poly 
talline samples and filings, it is possible that single 
tals exhibit some different structural character- 
than polyerystalline samples; or it may be that 
diffraction data, which Is none too extensive, can 
be interpreted in more than one way. Our interpreta- 
tion is based on diffraction patterns of the type we have 
reproduced, including patterns in which, by suitable 
choice of alloy content, we have suppressed the pattern 
of the body-centered cubic phase that normally accom- 
panies the new phase in the binary alloys 
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In Fig. 5 a separation of the old and new data is 
hown by replotting the authors Table I, also separat- 
ing the influence of clearance and diameter variations 
by plotting the tensile strength as a function of the 
diameter D for various clearances t. For the new data 
of clearances at 0.01, 0.02 and 0.04 in. and for diameters 
between 0.1 and 0.5 in. an analytical expression was 
found to satisfy the experimental data and to allow an 
extrapolation to higher clearances and lower diameters 
is follow 

vhere 


T Ultimate tensile strength (UTS) in psi 
T. Upper joint strength (extrapolated from the 
experimental data) 
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Fig. 5—Strength of silver brazed joints in mild steel 


T; 21,000 (UTS of silver) 

t -= joint clearance, in 

c joint clearance parameter c e(t) 
D = Diameter of specimen 
D, Diameter of lowest joint strength 


The curve for t 0.1 was calculated, for lack of ex 
periments, from extrapolated data 

Fig. 6 shows the increase of strength with decreasing 
joint thickness as found by N. Bredzs and J. Wulff 
For a diameter of 0.5 in. Bredzs finds a higher brazing 
strength value at small clearances, cofresponding to a 
higher ultimate tensile strength of his 1020 steel. For 
larger joint clearances the data between the two au- 
thors differ as Wulff finds higher values 

A possible explanation for the discrepancies of data 
was Offered by Mr. N. Bredzs in a private communica- 
tion. He used short times in direction heating wherea 
the authors applied a furnace brazing method 

No mention is made of a recent paper of Bredzs and 
Schwartzbart, where extremely thin and also extreme- 


ly thick joints were investigated 


ind H. Schwartzbart: Triarial Tension Testing a t 
Stre , Research 


of Metals, The Journal 
nb 1956, pp. 6108-615 


T. H. Crane (Kinetics Corp., Hingham, Mass.)—-Any 
technical paper that supplies solid design data to the 
industrial metallurgist is to be received with gratitude 
by all interested parti The discussion of brazing by 
Moffatt and Wulff is one of those papers that suppli 
data on a field of embly that appears to be undet 
going a rebirth and it is very timely 
everal points that are not quite clear that 
formation of the joint in the 
point is 


The re are 
bear directly on the 
brazing proce The first and most obviou 
the reasoning behind the very high temperature used 
Pure silver has a listed melting point of 960.8°C (38th 
Edition, Handbook of Chemistry and Physics) The 
heating rate used by Moffatt and Wulff calculate on a 
traight line basis, to 2.16°C per min. From this data 
it appears that the silver was liquid for about 35 min 
This allows ample time for the undesirable side effects 
of diffusion to enter into the problem. It is hard to esti- 
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Fig. 6—Tensile strength of brazed joints. Specimen numbers 
trom Table | 


mate the rate at which flow into small joint clearances 
takes place, but 35 min does appear to be a very long 
period above the liquidu The rule of thumb used by 
to keep the ecyel 
several test 
runs at shorter and until there is 
only enough time to allow full wetting of the joint area 
to take place 

The second question 1 


commercial furnace brazing firms 1 
a hort a po ible It is usual to make 
horter cycle tine 


brought up by the writer: 
position as metallurgist for a vacuum brazing contrac 
tor. The data in Table | of the original paper indicate: 
that four samples broke during the machining opera- 
tion. All of these within a braze joint 
thickne to indicate a tensile strength in exce of 
36,000 Ib per sq in. This would, in itself, indicate 
towards brittlene of the joint An 
additional six samples were flawed in the joint area 
The exact form of these flaws is not indicated but from 
the statement that is made in the Discussion and Con 
clusions of the original paper With steel or base 
material of low ductility * * * * and freedom from ga 
pockets are achieved * * * to approach the ultimate 
trength of the base material’; it would appear that the 
flaws were of the gas pocket type. The only answer to 
the proble m of ga pockets Is to obtain pre ure of ly 
or |e during the time that the braze material is liquid 

The best brazing of this base alloy, 1020 steel, could 
be done in the following manner, based on the paper 
of Moffatt and Wulff and the experience of the writer 
of this discussion. The joint thickne hould be in the 
vicinity of 0.001 in. or as low as 0.0005 in. if possible 
The brazing cycle would be heat to 900°C in a purified 
vacuate to la or lower 


ample were 


ome tendency 


hydrogen atmosphere and then ¢ 
pressure. After the pressure is lowered the heat input 
would continue to a ten perature of 1050 °C. A short hold 
period of 5 min or |e at this temperature followed by 
cooling at the natural rate of the vacuum furnace to a 
well below the 900°C before 
helium 

to offer the 


temperature olidu ay 
force cooling by 

The writer wishe use of the vacuum fur 
nace brazing equipment of his corporation to Drs 
Moffatt and Wulff so that they 
parison tests along the lines indicated in this discussion 


that the might desire 


ight perform any com 
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Studies on Diffusion in Molten Metals 


pA 
J Me J 
KR. E. Grace (Purdue Unive ty Lafayette Ind.) 
Profe ol Niwa and Shimoji and Me ! Kado, Wat 
inmabe and Yokokawa have done an excellent job in 
howing that variety of experimental techniques can 
be used with suces n measuring diffusivities in liquid 
etal syster It i irprising to see how smooth the 
oncentration-penetration profiles are as listed in Table 
I and Fi ; I! would like to know whether these 


measuring welded diffusion data with every 
run, or whether a large fraction of the experiment 


had to tbe discarded Also. did the author correct for 


estimate the volume change ittendant in thei 
methods due to contraction of their samples during 
olidification Such contractions result in uncertain 
ties of X in the solutions of the diffusion equation 
Finally, it 3 inprising to see their results on Pb-Bi 
illo how that the chemical diffusivity of Bi only 
chan from 6x 10 qem per see at N, Olto Ux 
10° sq em per see at N 04. In further experiment 
performed by the discusser,” incremental studies in 
the range to SB pet Bi and 56 to 60 pet Bi were 
le In the case of the runs made near N; O09 at 
1247 © the diffusion coefficient of bismuth was 10 q 
cm per sec, about 5 times faster than was previously 
reported since the concentration interval was min 
mized in these experiment the D value reported 


herem should be closer to the true chemical diffusivity 
of Ti near the Pb-Bi eutects 


Phe capillary reservoir technique was used in all of 
the above experiment While there 1 ome ambiguity 
olume chanwpe during diffusion arising from 
chanpe Vithin the capillas (a constant vol 
une system) it should be emphasized that the capillary 
reservoir technique minimizes convection and is very 


to tase 


kokaow 
7 209, pp. 96-16 
i EG ‘ ad G. Derge: Diffusion in Liquid Pb-Bi Alloys, 
955 ol. 203, p. 839 


K. Niwa, M. Shimoji, S. Kado, Y. Watanabe, and T. 
Yokokawa (authors’ reply)—1) In the diffusion, the 
concentration penetration profile shows an error in- 
tegral curve For Example 


ce [1 erf (2/2, Dt)) [2] 
is employed for the data in Table I. Thus putting 
E r/2\/ Dt, 


c/c, corresponds to é through Eq. (2). Then, the graph- 
ical representation of » as a function of € should be a 
traight line Let the observed data in each € be plot- 
ted against the corresponding y. If the data satisfies 
the error integral curve, a straight line will be ob- 
tained. When some points scatter, the most reasonable 
curve is to be used. The smoothing curve corresponds 
to the straight line 

2) As mentioned in the paper, the data always give 
the negative results, when pure metal is filled in the 
upper part of the tube in the second method. Except 
doubtful results which show no concentration gradient, 
most data have been used 

3) We have not any correction for volume change 
due to solidification. Qualitatively this correction may 
vive the errors at most of 20 to 30 pet to the results 
These errors are the same order as in the accuracy of 
the author experimental technique. 

1) Professor Grace's careful examination of Pb-Bi 
is very interesting, since the diffusion coefficient is 
10° sq em per see near N, 0.5 at 427°C. It will be 
necessary to investigate this abnormal result from ex- 
perimental and theoretical viewpoints 


The Martensite Transformation in the lron-Nickel System 


by Larry Kaufman and Morris Cohen 


Journal of Metats. October 


A. G. Haynes (Mond Nickel Company, Birmingham, 
In recent youl martensite formation 
ranges have been determined for a varnety of nickel 
contaming steel and it is interesting to compare the 
data accumulated with those presented in thi most 
interesting paper by Kaufman and Cohen 

In Table VI are listed the M, temperature of a 


erties of steels containing 28 31 pet Ni.” These value 
ive considerably lower than those obtained by Kauf 
man and Cohen It is gratifying to note, however 


that excellent agreement is obtained if correction 1k 
made for the effeets of carbon and manganese The 
corrections were made in accordance with the factor: 
viven in the following empirical formula proposed re 
conth for the calculation of M, temperatures of low 
illoy steel 


M.(°C) il — 33Mn—17Ni-—17Cr—21Mo [42] 


This formula was based on data accumulated for a 
vide variety of steels containing 0 to 5 pet Ni and 
therefore was certainly not intended to be used for 
tecls of very high nickel content. On the other hand, 
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AIME vol. 206, pp. 1393-1401 


it i urprising that the M, temperatures calculated 
using this equation are not in good accord with the 
values indicated by Kaufman and Cohen for steels of 
low nickel content 

The data presented in Table VII have been collected 
together from the literature*®” in an attempt to ex- 
plain the discrepancies. Again the experimentally deter- 
mined M, temperatures have been corrected for the 
effects of elements other than nickel, using the equa- 
tion indicated above. The values listed for the upper 
limits of bainite formation (B, or A”) were similarly 
corrected, using the equation given below 


°C) — 830 — 270C — 90Mn — 37Ni— 70Cr—83Mo [43] 


These corrected values have been plotted against 
nickel content in Fig. 12. In this diagram the experi- 
mental results of Kaufman and Cohen are represented 
by a full line. The corrected M, temperatures taken 
from the literature are shown by crosses, and the cor- 
rected B, temperatures by circles. The disposition of 
the various experimental points suggests that the M, 
temperatures of the iron-nickel alloys of lower nickel 


TRANSACTIONS AIME 


contents were not observed under the experimental 
conditions adopted by Kaufman and Cohen, due to the 
onset of transformation to bainite 

If it be assumed that the M, temperatures of iron 
nickel alloys containing up to 25 pet Ni vary in accord- 
ance with Eq. 42, then reference to Fig. 10 of the paper 
uggests that the constant free energy difference of 
approximately 270 cal per mole is required for marten 
site formation in alloys having nickel contents within 
this range. This constant value is in good accord with 
that obtained from the study of iron-carbon alloys 


»< A. Clark unpublished work The Mond Nickel Co. Ltd 
Birmingham, England 
W. Steven and A. G. Hayne The Temperature 


matior 


of Martensite and Bainite in Low-Alloy Steels, Jou jf the 
ind Steel Institute, vol. 183, 1956, pp. 349-359 
*G. R. Brophy and A. J. Miller’ The Metallograp! ind Heat 
rreatment of 8 and 10 Pct Nickel Steel, ASM Trans 1949, vol. 41 
pp. 1185-1201 
* Transformation Characteristics of Nickel Stes The Mond 
Nickel Co. Ltd., London, 1952 
* J.P. Sheehan, C. A. Julien, and A. R. Trolan The Transfor 
mation Characteristic of Ten Selected Nickel Stee ASM 1 
1949 ol. 41, pp. 1165-1181 
Atlus of Isothermal Transfo atts Diagrams United State 
Steel, 1951 
M. Cohen, E. S. Machlin, and V. G. Paran)pe Thermodynamt 
of the Martensite Transformation Thermody na ‘ in PI jeal 
Metallurgy ASM, 1950 


L. Kaufman and M. Cohen (authors’ reply) Di 
Haynes has offered an ingenious explanation for the 
effect of nickel on the driving force at the start of the 
cooling transformation. This driving force increase 
rapidly with nickel concentration up to about 25 atom 
pet Ni, and then tends to level off (Fig. 11). If the 
product formed in the low-nickel range bainite 
instead of martensite, the above dependence on nickel 
could be rationalized 

However, there is a serious question as to whether 
the transformation product in the low-nickel alloys | 
bainite instead of martensite Although the bainitse 
reaction may be displacive in nature, a diffusion proc- 
‘ must be involved; otherwise the bainitic and mar- 
tensitic transformations would be indistinguishable 
from each other. In steels, carbon is the controlling 
element in this diffusion proces: For the iron-nickel 
alloys, one cannot expect nickel to play the role of 
carbon in view of the extremely low diffusion rate 
characteristic of substitutional elements in the tem 
perature range under consideration 

Unfortunately, a real test of the insuppressibility of 
the transformation in the low-nickel alloys has not 
been made, although this reaction is known to be in 
sensitive to the rate of cooling. On the other hand, 
such information is available for the analogous iron 
manganese alloys which are very similar in thermody 
namic and transformation characteristic Troiano and 
Maguire” have shown that the M, temperature for a 
wide range of iron-manganese alloys is insensitive to 
cooling rates between 1°C per sec and 6000°C per 
sec. These M, temperatures were checked by Jone: 
and Pumphrey™ using a cooling rate of 2°C per min 
Consequently, there can be little doubt about the mar 


were 


Comparison of M, Temperatures of Nickel-Containing 
Steels and lron-Nickel Alloys 


Table VI 


Values 
Chemical Experimentally Derived from 
Composition Determined the Experi 
Pet Experimentally M,, Corrected mental Results 
Determined for Effects of ¢ of Kaufman 
NI c Mon °C and Mn, and Cohen 
24.3 020 043 i4 4 
24.7 0.16 0.58 74” 16 24 
26.4 0.13 0.53 #1 2 22 
204 014 049 #2 0 10 
297 O17 0.56 116 17 2 
299 0.10 048 O98 6 2 
299 0.15 041 45 ] 2 
10.0 0.13 053 100 21 4 
06 0.18 0.52 124 22 22 
0.7 0.16 047 129 % 25 


ONTENT wt 


Fig 12-—The effect of nickel on M, and B, temperatures 

tensitic nature of the cooling reaction in thi ystem 
Yet, when Dr. Hayne equations for M, and B, are 
used, the experimental values of M, lie closer to the 
calculated values of B, than they do to the calculated 
values of M,, at least for contents up to 
about 5 wt pet, and this is what Dr. Haynes finds for 
the iron-nickel system. However, the 
uppressible over the entire 


reaction is in 
range of manganese con 
tents, which raises considerable doubt as to the validi 
ty of the bainite hypothesi 

Moreover, in the iron-manganese alloys, Dr. Hayne: 
indicate that above approximately 5 wt pet 
manganese, the calculated B, falls below the calculated 
M It is hard to imagine the physical meaning of thi: 
ituation, most likely the equations are not applicable 
over the entire range of composition 

Even though it is doubtful that a bainitic transforma 
tion is at play in the tron-nickel alloys under study 
here, it might be worthwhile to try variations in cool 
ing rate in an effort to determine whether 
involved in the low-nickel 


equation 


ome other 


type of reaction may be 


alloy: 
\ Troiano and Maguire \ Study of the lron-Hich 
lron-Manganese Alle ASM Trans., 1943, vol. 31, p. 340 
F W. Jones and W. I. Pumphre Free Energy ind Metastable 
tate in the Iron-Nicke lron-Manganese tems, Journal lron 
id Steel Institute, 1949 ol. 163, p. 121 
Table Vil. Calculated and Experimentally Determined M, and B, 


or A.” Temperatures of Nickel Steels 


Experi 
Chemical Paper mentally 
Composition tatly Deter 


Wt Pet faleu Deter Caleu mined* 
lated mined* lated or 
Ni ‘ Min ‘ M., A ‘ ence 
o4 40 fi 
0 06 420) 70 2) 
4.5 09 417 402 
049 mu iia ‘ 
10 O50 i4 “7 2h 
rected f ent the thar k wda ‘ 
th f ‘ Faq 42 14 
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A. E. Powers (General Electric Company Schenec 


tady) It is noticed that the authors have applied cor 
ectior to the transition temperatures of specimen 
pt ‘ ing hardne values other than 24 R The basi 
for these corrector obtained from previous WOrK 
n whieh transition temperatures were found to de 
crense with decreasing hardne upon tempering mat 
tensitie structures to @ hardne slues of not Ie than 
4K For softer structure than 24 K., the transition 
temperature were found to propre upward in the 
reverse manner It is difficult to understand why the 


woe eorrection Tactor that are apphed to structure 
harder than 24 K hould be appled to tructure ofter 


than the 24 K If the authors are to be consi tant in 
ipplying correction factors for varying hardne value 
then thea correction factor hould vary from one 
harcdne range to another. This will of course, elimi 


te the appearance of upper-nose embrittlement in 


their isothermal embrittlement diapran and it would 


not appear to be a realistic manner in handling the 
phenomenon, L beheve that it would be best to accept 
the fact that steels posse inherent transition-temper 
ture values that are dependent on the state of temper 
ing and to avoid applying dubious correction factor 


to specimens not tempered to a uniform hardne 
slur 


The author claimed a retropre bon phe nomenon on 


the basis of one experiment in which heating to 500°C 
for 100 min after aging for 46 hi at 475°C has lowered 
the transition temperature by 15 ¢ It would be inter 
ting to see if this result can be duplicated 
Reversibility in upper-nose embrittlement has been 
ivvested on the basis of one instance In which the 
transition temperature was reduced 15°C by heating 
cone it iffter aping it The 
suuthwor vere not able to duplicate this behavior In a 
repr it ¢ Kperiment Perhap the ue of retrogre ion 


or the lack of it should not be pre ed further until 


nore po itive data ha beon accun ilated 


rhe concept of an equilibriun of embrittlement at 
temperature between 500 and o60 ¢ has been doubted 
} the sutheort on the busi that the have observed 
» reduction in transition temper iture upon aging be 
nd 10 hr at Soo ¢ The claim is made that this be 
havior indicated overaging In an ape hardening system 
ith the re alt that the olid-solution segregation theo 


r ruled out Their conclusion ie based on one 
point (10 hr at 550 I that about 5°C higher in 
transition temperature than it hould be if the iso 
ombrittlement curve were horizontal This point 
located on the steep portion of the tran ithon- tempera 
ture-\ wing temperature curve vhere a 5 C error 
in specimen aging ten perature ean lead to a 5°C al 
teration in equilibrium transition tet perature It 1 

ivvested that this equilibrium portion of the diagram 
he mvest ited more thoroug! to determine whether 
the moeombrittlement lines ar horizontal or not 

rhe claim that no ferrite yrain growth was observed 

during tempertit eon to be contrary to the finding 

f kishet md and to Hiyvan and J. Nutting 


Fisher and Boyee found that increasing the tempering 
tune from | hr t hr at 1250 inerea ed the ferrite 
rain size of AISI 1060 teel from ASTM No. 15 to No 


Che data of Ilyan ind Nutting s! the ime tem 
pering treatments on 10.7 pet C steel to increase ferrite 
rau e fro ibout ASTM No. 18 to about No. 16. In 
both of these nvestigations the electron microscope Wwa 
found nec il to observe the ferrite granu One 


mia tio vhether opti il microscopk observation 


at BOO diametet i uflficient to observe ferrite gram 
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Upper Nose Temper Embrittlement of a Ni-Cr Steel 


which for a grain size of No 15 have a mean diameter 


of about 2» 

Several proposals have been made to relate, quant! 
tatively, grain size to fracture stress, with accompany) 
ng impleations for relating grain size with fracture 
transition temperature but the most promising the- 
ory is that of J. J. Gilman®™ who, in working with crack 
propagation during crystalline cleavage rathet than 
with erack nucleation, ha hown that in addition to 
2Ew 

al 
crack velocity is required for the maintenance of brit- 
tle fracture through a cry tal. The crack velocity will 
build up as the crack is progressing catastrophically 
the crystal and will progre across the grain 
boundary to the next grain only if energy losses at the 
vrain boundary do not lower the velocity below the 
critical velocity. The larget the grain size, the more 
the erack velocity can build up before the grain bound- 
ary is encountered, and the more likely will brittle 
entirely through the crystalline 


the static Griffith criterion, ¢, \ ,aminimum 


through 


fracture proceed 
auperegat 


¢ Kullu wd L. Jafte Effect of Hardness on Tempe 
ttlene 1 1951, vol. 191, 40 
Kh. M. Fishe und J. F. Boyce Discussion to paper by taeyertz, 
nd Effect of Ferrite Grain Structure upon Impact 
Propertte Pet Carbon Spherodite, Trans 4IME, 1951, vol 
; 64-1065 
BED Hi ud J. Nutting The Tempering of Plain Carbon 
‘ ! ’ md Steet Institute Oct. 1956, vol. 164, 
lho 
J. The Cleavane Strength of Polyecry tals, Journal of 
i + Steet Institute, May, 1953, vol. 174, p. 25-28 
Phe Relation of Microstructure to Brittle Fracture, 
i He i of Properties to Microstructure 1953, p 
‘ 79 
pagation of Cleavage Cracks In Crystals, Jour 


ipplied Physics, Nov, 1956, vol. 27, 1262-1269 


L. D. Jaffe and D. C. Buffum (authors reply)—As 
was pointed out in the reference cited by Dr. Powers,” 
the increase in transition temperature observed in a 
tructure softer than 24 R, wa due to upper-nose em- 
brittlement developing during the 4-hr temper at 
675°C. This is proved in the present pape! (Table III) 
Accordingly, there is no evidence that the curve of 
transition temperature Vv: hardness for unembrittled 
linear, and corrections were therefore 


tructure is not 
linearity (on a Brinell 


made on the assumption of 
eale). We are inclined to agree with Dr. Powers that 
embrittlement alone is being studied, 


vhere upper-nose 
are not needed, but when in- 


corrections for hardne 
terrelations of upper- and lower-nose embrittlement 
we feel that they are needed. Otherwise, 
be erroneously concluded that 
ipper-nose treatment reduce subsequent lower-nose 
embrittlement, whereas they In truth may only be 
reducing the hardne In any case, uncorrected as 
well as corrected transition tempt rature data are given 
throughout this paper; Dr. Power and other readers 
have available whichevel they pre fer 

We agree that the evidence of lower-nos¢ retro- 
yression and of upper-nose reve! ibility is merely sug- 
vestive and not conclusive; this was mentioned in the 
paper. We, too would like to see further work on 


are of coneern 


for example it may 


these que tion 
We agree, also, that our own evidence of overaging 
n the lower-nose region, at 550°C. is not in itself con- 


elusive. It is, however, confirm d »y the data of Vidal” 


and of Bhat and Libsch 

Dr. Powers is correct In tating that there are better 
methods of measuring ferrite grain size than the one 
we used. It may be that ferrite grain growth occurred 
even though we did not observe any 
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